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Ab st r a c t
Atmospheric testing of nuclear weapons and nuclear reactor accidents has 
resulted in widespread distribution of radioactive fission products into the 
environment. Determination of these radionuclides in biological and environmental 
samples presents serious difficulties because of interferences (^°Sr with a continuous 
beta spectrum needs separation from other radionuclides, such as and the poor 
limits of detection established by currently available counting equipment.
In this project an ion exchange chromatography procedure for the separation of 
Cs, Sr and Y was developed. Since these radionuclides are hazardous, the method 
was developed using stable isotopes and inductively coupled plasma mass 
spectrometry (ICP-MS) as an elemental detector. In the first instance, the optimum 
operating conditions of the instrument for the analysis of Cs, Sr and Y were 
determined. These values were found to be 1.1 kW incident power and 1 1 mim^ 
nebuliser flow rate. The accuracy of the ICP-MS measurments was then assessed 
through the use of international reference materials NIST:SRM 1572 Citrus Leaves 
and NIST:SRM 1573 Tomato Leaves. In general a good agreement was observed 
for most of the elements between certified values and the results obtained in this 
study. For example, the certified values for Sr in NISTiSRM 1572 Citrus Leaves is 
1 0 0  ± 2  fjLg g'^ compared with the experimental value 1 0 2 . 1  ±  0 . 1  jUg g‘f
The developed separation technique consisted of three stages. In the first stage 
ammonium molybdophosphate (AMP) and BioRad AG 50W-X8 resins were used. 
Caesium was separated from the other two isotopes using 2 M NH4 OH. In the 
second stage Sr and Y were eluted from the above mentioned column using 4 M 
HNO 3 . The solution was then loaded onto a Sr-Spec® column where Sr is retained. 
In the third stage Sr was eluted from the column using deionised water. This setup 
provided excellent recoveries for the three stages namely: 85 % for Cs, 93 % for Y 
and 95 % for Sr.
The analysis of Cs, Sr, and Y in foodstuffs, namely beans and milk was carried 
out after using the aforementioned separation procedure. The elemental recoveries 
obtained for bean samples were as follows: 98 % for Cs, 80 % for Sr, and 89 % for 
Y. Similarly, the results obtained for milk samples were 96 %, 87 % and 8 8  % for 
Cs, Sr and Y, respectively.
The uptake of Cs and Sr by post-germination and mature bean plants was 
evaluated. Different growth media (commercial white silica sand, Lightwater 
garden soil, commercial garden soil. Rose Batch compost, and commercial
compost) were used to assess the effect of organic content on the uptake of Cs and 
Sr by bean plants. These experiments involved the addition of different doses of 
added elemental concentration ( 1 0 0  to 1 0 0 0  jug mk^) to the substrate and also 
various solution pH's (4 to 9). It was observed that the higher uptake of Cs and Sr 
by bean plants was at solution pH 7 and also for growth media with high organic 
content, i.e. Rose Batch compost and commercial compost. The distribution of Cs 
and Sr into the bean plant tissue resulting through absorption from commercial 
compost, showed that Cs is absorbed mostly in the stem (95 %) and with minimal 
levels in root and leaves (5 %). On the other hand, Sr was readily absorbed to the 
aboveground parts of the bean plants (36 % stem, 63 % in leaves) in contrast to 
other parts; 0.3 % root and 0.05 % beans.
A study was undertaken to assess the uptake of Cs and Sr by bean plants in the 
presence of K and Ca at various solution pH's. It was found that in general, for all 
solution pH's, potassium inhibits the uptake of Cs. On the other hand, there appears 
to be a competition between Sr and Ca at high pH (7 to 9) which resulted in a rapid 
reduction of the Sr uptake. The addition of Ca to the substrate decreased the uptake 
of Sr by stems/leaves and increased the uptake of Sr by beans.
As an application, solutions with different pH and radionuclide (^ '^^Cs and ^^Sr) 
levels were added to mature bean plants. The developed ion exchange 
chromatography procedure was then adopted to separate and ^°Sr from these 
plants. In this study a Ge(Li) gamma ray spectrometer (ND 6 6 ) was used as a 
detector for ^^ '^Cs whilst a liquid scintillation counter was used for measuring ^^Sr.
Prior to the ^^ "^ Cs measurements, the detection limits, resolution, absolute full 
energy peak and calibration of the instrument were evaluated. The accuracy of the 
instrument was assessed by using IAEA international reference materials, dry milk 
powder (A-14, 321, and 152), clover (156) and soil (SOIL-6 ). In general the values 
obtained in this work were in good agreement with the certified values. For 
example IAEA-152, the certified and observed values are 1854.3 Bq kg'^ and
1878.4 Bq kg \  respectively.
The results of this experiment show that the rate of ^^^Cs and ^%r uptake by 
mature bean plants increases with added radioactivity. These data are in good 
agreement with the obseiwed trends from the earlier experiments conducted on the 
same type of plants but using stable isotopes.
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Chapter 1
1. In t r o d u c t io n
1.1. Overview of Radiation
Man has been exposed to radiation from the environment throughout history. 
This includes both natural and artificial sources. Natural radiation comes from two 
main sources, namely, cosmic (protons, alpha particles, etc.) and terrestrial 
235U and 238U, zsz-ph, etc.).
In addition to the natural sources of radiation, many artificial sources (fission 
products of uranium and plutonium, such as ^°Br, 3^ 7 %^ and ^®Sr among
others) have been introduced during the past two decades. It is widely recognised 
that these artificial sources contribute significantly to the total exposure of radiation 
that the world's population has received through the development of atomic energy. 
The dispersion and level of radioactive material waste in the environment is 
determined by the altitude at which nuclear weapons are detonated and by the 
magnitude of the explosion. Most of the material from explosions which occur near 
the surface of the earth is deposited close to the site of the detonation. In contrast, if 
explosions occur at sufficient altitude, virtually all the radioactive material will 
travel for considerable distances in the atmosphere, troposphere or stratosphere.
Fallout is carried down to the Earth's surface largely in rain, but dry deposition 
also occurs, and can be particularly important with tropospheric radioactive material 
shortly after the detonation of nuclear weapons. The rate at which tropospheric 
radioactivity is deposited is highly variable and depends upon the weather pattern in 
the relatively short period during which it is present in the atmosphere.
Radioactive fallout reaches Earth surface by rainfall or dry deposition onto 
surface soil or into marine environments, such as rivers, lakes or oceans. After 
deposition of radionuclides, they may be absorbed by plants and then become 
available to Man mainly through complex biological mechanisms or food chains. If 
the material is deposited on dry land, plants grown as food for either animals or 
man may be directly contaminated. Alternatively, the radioactive substances may 
pass into the soil and eventually enter the roots of plants. Figure 1.1 shows a 
schematic of the pathways of radionuclides in the food chain.  ^ This pathway model
simulates the transport of radionuclides through agricultural ecosystems to humans. 
The model also simulates the flow of radionuclides through pasture, hay, rangeland 
and human food ecosystems. Each ecosystem is represented by six compartments 
which represent the quantity of radionuclides (Becquerels) in a specific 
compartment, such as vegetation surface, internal tissues of vegetation (Qvs)> soil 
surface (Qgg 0 to 0.1 cm), labile soil (Qls 0.1 to 25 cm), fixed soil (Qpg 0.1 to 25 
cm), and deep soil (Q^s > 25 cm). In addition, these systems contain specific 
concentrations of radionuclides in fruits, vegetables, grains, grain plants, milk, eggs 
etc. The arrows represent transfers resulting from indicated processes; circles (1 to 
4) connect process arrows between the upper and lower diagrams.
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Figure 1.1, Pathways of radionuclides in food chain*
Radioactive substances can enter the body by absorption through the skin, by 
inhalation and/or by ingestion. It has been shown that ingestion is the most 
important pathway for the entrance of environmental radiocontamination into the 
bodies of domestic animals or humans.^ The extent to which absorption occurs 
depends upon the chemical and physical nature of the individual radioactive 
substance.
The interaction of ionising radiation with the human body leads to biological 
effects which may later show up as clinical symptoms. The nature and severity of 
these symptoms and the time at which they appear depend upon the amount of 
radiation absorbed and the rate at which it is received.
The practical purposes for studying the behaviour of radionuclides in food 
chains may be summarised as firstly to identify those which will cause the major 
radiation dose under different circumstances, such as industrial accidents or nuclear 
weapons testing, secondly to obtain quantitative information so that both present 
and possible future situations can be assessed, and thirdly to devise some guidelines 
for remedial action in emergencies. All these directives depend upon an 
understanding of the processes that control the behaviour of radioactive substances. 
In order to understand these processes, a more detailed review of the types of 
radiation will be presented.
1.2, Natural Radiation
The most significant component of environmental radiation is natural radiation, 
although the magnitude of the dose received by man from this source varies 
according to residence and lifestyle. Natural radiation consists essentially of two 
components, namely cosmic and terrestrial radiation.
1.2.1. Cosmic Radian on
Cosmic radiation is considered as an external component of natural radiation. Its 
origin can be either galactic or solar, and is composed of charged particles, such as 
protons (85%), radionuclides of atomic number ranging from 4 to 26, and heavy 
ions with high kinetic energies such as alpha particles (14%).^
This source of radiation undergoes many types of reactions with elements that 
they encounter in the atmosphere. An important example is the interaction of 
neutrons in cosmic radiation with nitrogen in the upper atmosphere to form carbon- 
14 which diffuses to the lower atmosphere where it may become incorporated in 
living matter.4
The dose from cosmic rays is affected by altitude and latitude, for example, at 
sea level, in mid-temperature latitudes, the dose is 1 0 % higher than at the equator. 
At an altitude of 2000 m it is approximately three times that at sea level and it 
increases at higher altitudes. It has been estimated that at the surface of the earth a 
gamma-photon dose from cosmic sources is of the order of 0.28 Sievert/year (Sv
r i ) . “
1.2.2. Terrestrial Radiation
Terrestrial radiation refers to radionuclides present within the Earth's surface. 
Essentially there are two sources of terrestrial radiation exposure; external and 
internal.
a) External Irradiation.
The external components of natural radiation arises in part from cosmic rays and 
terrestrial radiation. The origin of terrestrial radiation is from substances in the 
Earth's crust which emit gamma rays. Potassium-40 and particularly the uranium 
and thorium decay products are the most common components of dose within the 
external field.
The extent of the dose varies widely depending on the nature of the underlying 
rocks. In sandstone and limestone regions the concentration of these radioactive 
elements is much lower than in granite. Thus, depending on the magnitude of the 
local gamma radiation and the nature of building materials, the dose-rates in houses 
may be different in each zone. Therefore, the dose rate to the whole body due to 
external radiation, varies between 0.2 to 1.0 millisiverts/year (mSv y*)."*
b) Internal Irradiation.
The major natural sources of internal irradiation are (which constitutes 
0.0118 % of the total potassium in natural minerals), and members of the uranium
and thorium series. The ingestion or inhalation of these naturally occurring 
radionuclides gives rise to a dose which varies considerably depending on the 
location, diet and habits of the individual concerned. Potassium-40 contributes 
about 0.2 mSv while the dose from the ingestion of foodstuffs containing trace 
quantities of members of the uranium and thorium (-^^Rn and -^^Th) series is about 
0.17 mSv y-i. Radon and thorium are inhaled into the body and although their half 
lives are relatively short, their radioactive daughter products (-^^u, -^^Th, 2 2 6  
231U, 228xh) may be continuing sources of exposure. They are also taken up by 
plants and animals and therefore most foodstuffs contain natural radioactivity.
Table 1.1 illustrates the typical average annual doses due to natural radiation. 
The local gamma radiation comes from the uranium, thorium and potassium 
radionuclides 23Su  ^ 235y  ^ 234Yh). It is important to emphasise that variation in 
average annual doses does occur depending upon global location.
Table 1.1. Typical average annual doses due to natural radiation.'^
Source D ose (mSv y 'l)
Local gamma radiation 0.4
Carbon-14 0.01
Radon, thoron and decay products 0 .8
Potassium-40 in body 0 .2
Cosmic radiation 0.3
Uranium and thorium nuclides in body 0.2
Total 1.91
1.3. Man-made Sources of Radiation
Over the last few decades the human race has introduced another source of 
environmental radiation through the development of radioactive sources. Man-made 
sources of radiation are essentially categorised into three groups:
• Medical diagnosis and miscellaneous sources
• Nuclear power production
• Fallout from weapons testing
13 .1 . Medical Diagnosis and Miscellaneous Sources
The most important contributions to exposure of the population from man-made 
sources of radiation are from the medical and dental professions. It has been 
estimated that about 90% of the total exposure of the population from medical uses 
of radiation comes from the diagnostic use of X-rays. Another source of exposure 
is the use of radioisotopes in medicine (32p, 90y^ i3il), for tracing the path and 
locating specific chemicals in the body. Since radioactive isotopes are chemically 
identical to stable isotopes of the same element, they will follow the same path and 
be concentrated to the same degree as the non-radioactive or stable isotopes in the 
body.
1.3.2. Nuclear Power Production
During the normal operation of nuclear reactors and other establishments where 
radioactive materials are used, some radioactive gases may escape into the 
atmosphere. However, the major cause of concern regarding irradiation exposure to 
the public is the disposal of radioactive waste arising from fuel reprocessing. At 
present the contribution to the total exposure of the population from waste disposal 
is very low ( 2  juSv y^), however, it appears to be increasing as the use of nuclear 
power becomes more widespread.
Nuclear power production can also produce radioactive pollution as a result of 
accidents. There have been several accidents with significant releases of 
radionuclides to the environment, for example, Windscale, UK. (1957), Three Mile 
Island, USA (1979), Chernobyl, USSR, (1986) and St Petersburg, Russia (1992). 
The most significant radionuclides dispersed into the environment were 
i34Cs, 1311 and ^^Sr.^
1.3.2. Fall-Out From Weapons Testing
Despite the reduction in nuclear weapon testing, this is still considered to be the 
most significant source of man-made radiation. The radionuclides of concern are 
similar to those arising from the operation of nuclear power stations. The 
components with relatively short half lives, such as 131% (ti^ = 8  d), are a concern 
only for a short period of time, but long-lived nuclides, for example, 90$r (ti^—28 
y) and l37(Zs (ti^=30 y), not only continue to reach the surface of the earth for 
many years, but may also expose the population to radiation for an extended period 
after their release.
The type of exposure due to fall-out from weapons testing is divided into two 
categories: external and internal irradiation.
1.3.3.1. External Irradiation
The shorter-lived components of this dose derive basically from ^^Zr and its 
daughter ^% b, although other fission products emitting gamma rays make some 
contribution. Caesium (i.e. is the major source of external irradiation due to
its very long half-life. However, the radiation dose decreases more rapidly than the 
half life of the nuclide because it is washed from surfaces and penetrates the soil.
1.3.3.2. Internal Irradiation
At present the major part of the total dose from worldwide fallout to bone and 
bone marrow has been due to ^®Sr. Caesium-137 is distributed relatively uniformly 
throughout the body and it is considered primarily as a source of genetic injury. 
Although the half life of is longer than that of ^%r, it is eliminated from the 
body more rapidly and it contributes a smaller radiation dose per unit intake. 
Unusual dietary habits can lead to exceptional levels of exposure from Body
burdens have reached about 0.044 MBq in some individuals who live in high 
northern latitudes (Alaska, North Canada and Greenland). This is due to the high 
concentration of the radionuclide in reindeer meat which is an important local food 
for some inhabitants of these northern latitudes. Table 1.2 summarises the average 
annual doses received by the public from the current sources of man-made 
radiation.
Table 1.2. Average annual doses due to man-made radiation.
Source D ose (mSv y
Diagnostic radiology 0 .2
Therapeutic radiology 0.03
U se o f  isotopes in medicine 0 .002
Radioactive waste 0 .002
Fallout from nuclear weapons 0.01
Occupationally exposed persons 0.009
Other sources 0 .012
Total 0 .285
As can be seen from Tables 1,1 and 1.2, human populations are exposed more 
to natural radiation than that released by nuclear weapons testing, accidents or 
medical practices using radionuclides.
1,4. Pathways of Radioactivity
The manner in which radioactivity is distributed in the environment is 
determined by the altitude at which nuclear weapons are detonated and also by the 
magnitude of the explosion. The altitude of the tropopause is about 16 km in the 
tropics, so materials that are carried above this boundary by the force of an 
explosion constitute the stratospheric waste; some may proceed upwards to the 
mesosphere, which is above 40 km.
Material is retained in the troposphere for relatively short times, and about 50% 
of that injected above the rain layers is likely to be deposited within 20-40 days. 
The persistent horizontal winds of the upper troposphere can cause the radioactive 
cloud to travel round the Earth within 1 to 2 weeks.
L 4 .L  Transport and Deposition in the Atmosphere
Most radioactive air pollution is dispersed within the lower atmosphere and 
boundary layer above it, via winds. Due to the very dynamic meteorological 
processes involved within these layers, diffusion occurs rapidly into the overlying 
stratosphere. The motion of turbulent diffusions are so mathematically complicated 
exact modelling theories, concerning the movement of pollutants relative to space 
and time are not available. As a result, methods that are statistical by nature are 
predominantly used. The particle size, chemical form and meteorological conditions 
concerned will determine the time that the pollutants remain within the atmosphere 
before they are removed by wet and dry deposition processes, the former being the 
more efficient.'^ Dry deposition depends basically on the concentration of the 
material close to the surface. By comparison with wet deposition, dry deposition is 
rather slow; basically 1 mm of rain can remove more material than dry deposition 
does, over a 24 hour period. However, dry deposition is an almost continuous 
process, whereas wet deposition is usually intermittent. It has been demonstrated 
that substantial rain can wash off about 90% of the particulates and almost all the 
gaseous components down into the soil.^ Even in the absence of rain, only a
fraction of the material is held on the vegetation, the rest being deposited onto the 
soil.
The main pathway for and ^®Sr into the body is not by direct inhalation 
but through foodstuffs. Consequently the radioactivity has to be deposited first onto 
the ground. The fallout from the atmosphere arises from the aforementioned 
deposition processes. This is a combined effect of the sedimentation of larger 
particles under gravity, the impaction of particulates and aerosols on leaves and thé 
absorption of reactive gases by the soil and vegetation.
1.5. Behaviour and Uptake of Radionuclides from Soil
If radionuclides are of sufficiently long half life, absoiption from the soil may 
be a continuing source of concern.^ It is therefore important to consider not only the 
factors which affect the availability of radioactive materials to plants after they have 
entered the soil, but also the manner in which their availability may change with 
time.
1.5.1. Properties o f Soils
Soils consist of minerals, organic matter, water and air arranged in a 
complicated physicochemical system that provides the mechanical foothold for 
plants in addition to supplying their nutritive requirements. A major chemical 
characteristic of soils is their ability to adsorb and retain ions in a relatively 
immobile form. From the point of view of their entry into plants, ions contained in 
the soil can be categorised as: ions in the soil solution, readily exchangeable ions on 
mineral or organic surfaces, and ions held in soluble components. An exchange 
equilibrium is maintained between the first two categories constituting the labile 
ionic pool, which determines the supply of nutrients available to plants
When soluble cations are added to a soil, several reactions may occur. The 
cation may remain largely in the soil solution and be highly mobile. However, it is 
more likely that it will be absorbed on the surface of clay particles or otherwise 
bound by the soil. In some cases this ion may simply precipitate out of solution as 
the oxide or hydroxide. Chelation by soil organic matter may cause the element to 
loose some mobility. Another possible reaction that may occur is a surface 
precipitation on clay minerals.
Other fundamental properties of soils influencing radionuclide interactions are 
cation exchange and fixation properties. The system can be represented 
schematically as follows:
  Soil mineral Ca.K
Soil-  IK
Mineral
Soil solution Exchangeable Non-exchangeable
As an example, if K+ is added to a soil initially containing only exchangeable 
Ca^"  ^ the latter will be replaced and will enter the soil solution. The adsorbed 
may assume two states in the soil. Most of the which is exchanged for the Ca^^ 
will usually remain in an exchangeable form, however, a fraction of the may be 
fixed by the soil in a non exchangeable state. This fixed potassium will be immobile 
and insensitive to further addition of cations to the system.*
1.5.1.1. Immobile radioactive elements
The rare earths and yttrium are very similar in their properties. In acidic 
solutions, these elements form polyvalent ions. However, in neutral or alkaline 
media they precipitate as hydroxides or carbonates.^ If the soil is acidic these 
elements will be strongly adsorbed by soil clays and will tend to be fixed either as 
very strongly bound exchangeable ions or as precipitates. In either case the ions will 
be very immobile.*^ Yttrium, praseodymium, promethium and samarium can be 
included as immobile elements in soils. In addition to the rare earths, thorium, 
protactinium, zirconium and niobium are absorbed by the soil in a very immobile 
form.^‘
1.5.1.2. The mobile radioactive elements
The radioactive elements of major interest in soils are those which exhibit some 
degree of mobility, such as manganese, cobalt, zinc, iron, chromium, ruthenium, 
lead, potassium, rubidium, strontium, and caesium. These elements will move 
through soils under the influence of water and salt solutions and tend to be available 
to plants. All these elements may be present in soils as cations. Therefore, they will 
tend to be adsorbed on soil minerals. The degree of absorption and desorption of an 
individual cation will depend on the adsorption energy of that cation, and the 
amount and species of all other ions present. Other factors such as the type of clay
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mineral and the pH of the soil will affect the period of time in which a particular 
ion is retained.
Manganese, cobalt, zinc, iron, chromium and ruthenium tend to react in soils in 
a similar manner. They are most soluble under acidic conditions. As the pH of the 
soil increases, these cations will be precipitated as the hydroxides and as such will 
no longer be present in the water soluble or exchangeable state. With the exception 
of zinc all of these ions have more than one valence state and oxidation to the 
higher states will generally reduce their mobility. For example, exchangeable M n-’^  
can be oxidised to the trivalent or tetravalent manganese states which forms very 
insoluble oxides.
Strontium, barium, uranium, radium and lead can be considered together. 
Oxidised elements of this group are always present in the 2*^  oxidation state. In 
general, all members of this group react similarly in soils. The ion exchange 
characteristics of all the various cations in the soil system are of major significance 
when assessing the possibility of decontamination. Some of these properties have 
been used in an attempt to decontaminate soils. In these experiments, CaCH was 
added to 9&Sr contaminated soils, then the soil was leached with water, in order to 
reduce the 90$r content.*’
1.5.2. Characteristics o f  the Soil which Influence Absorption
It is apparent that the nature of the soil causes considerable variations both in the 
quantity of radionuclides which enter the plant, and also in the relative extent to 
which different radionuclides are absorbed. This is due in part to the varying 
natures of the labile ion complexes in soils of different types, and in part to the 
manner in which the external supply of ions determines absorption by plants. Some 
of the principal factors that cause marked differences between different soils are 
summarised below.
1.5.2.1. Effect of the concentration of other ions in soils
The concentrations of other labile cations markedly control the absorption of 
radionuclides which are in the cationic form (the majority of the important long 
lived radionuclides are in this category). The effect of calcium is usually dominant.
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It can be expected that the amount of soluble or exchangeable calcium will have 
an effect on the mobility of Sr""  ^ and Ra-+ in soils. The degree of mobility would 
presumably affect the capability with which these elements are absorbed by plants. 
Potassium is another nutrient cation which is important; when it is present at high 
concentrations, the absorption of has been reported to be markedly
reduced.
The complementary ions can be placed into two groups. The first group has 
very little effect in releasing the tightly held Cs"*", since they will tend to free or 
solubilize less than 10 % of the added carrier free In this group dilute H""",
the alkali cation Na"*" and the alkaline earths, Ca-’*', Mg^+ and will be found. 
The second group will tend to liberate moderate amounts (20-80 %) of the bound 
Cs"*" into labile forms and will be much more effective in liberating the tightly held 
^32cs. This group includes Cs'^, NH4 ‘^ , and Rb + .
1.5.2.2. Effect of soil type
Differences between soils in the absorption of radionuclides by plants are not 
only due to the type and levels of labile ions but also to the nature of the solid 
phases. For example, the absorption of radionuclides is appreciably greater from 
sandy soils than from loams which contain a considerable quantity of colloidal 
matter.
Both the mineral and organic parts of soils exchange cations, basically due to 
the presence of negatively charged sites on the mineral, and the presence of 
carboxylate and other functional groups in the organic material.
Table 1.3 shows the differences in and ^%r uptake by barley plants grown 
in different soils. The numbers quoted in the table represent concentration factors. 
These factors give an indication of the availability of different radionuclides to 
plants grown under similar conditions.
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Table 1.3. Uptake of and in the aerial part of barley grown in different
soil types
Soil Type 137Cs (Bq g-i) 90Sr (Bq g 'l)
Sassafras 0.16 23/Z
Hanford 0 . 1 2 4^38
Sorrento 0.05 2.72
Ain ken 0.05 2.69
Vina 0.08 2.63
Yolo 0.04 1.19
As can be seen from the results 90$r is more available to plants when grown in 
Sassafras soil. On the other hand this is retained more when using Yolo soil, which 
implies that the availability for the plant is very low.
1.5.2.3. Organic matter
The organic matter content of the soil is particularly important with respect to 
the absorption of ^37Cs by plants. It has been shown that this radionuclide enters 
plants considerably more readily from soil rich in organic matter than from those 
which are predominantly mineral rich. This is mainly due to formation of 
complexes with the organic matter and the metals. The absorption of ^°Sr and other 
radionuclides appears not to be directly influenced by the organic matter content of 
soils.
The presence of stable nuclides in soils, such as potassium, calcium, caesium, 
and strontium, also affects the absorption of radionuclides by plants, however, this 
will be discussed in more detail in the next section.
1.6. Absorption of Radionuclides by Plants
Radioactive materials may reach the tissues of plants in two ways: (1) direct 
contamination; airborne materials may be deposited upon the above ground parts of 
the plant and either adhere to their surfaces or be absorbed, and (2 ) by indirect 
contamination; materials which have entered the soil may be absorbed by roots 
along with the nutrients on which plants depend for their growth.
L 6 .L  Direct Contamination o f Plants
The extent of deposition and retention of radionuclides from the atmosphere by 
plants depends both on the physical characteristics of the deposit and the growth 
form of the plant. The subsequent destination of the radioactive material is 
influenced not only by these factors, but also by the rate at which it is removed by 
rain or other processes. If radioactive materials are insoluble they will contaminate 
plants only superficially since plants can absorb materials only if they are in 
solution. It is important to emphasise that direct contamination is of great 
importance when the fission products are relatively immobile within plants. The site 
at which they are absorbed can have an important effect on the manner in which 
they are distributed between different tissues. Strontium-90 which enters plants by 
foliar absorption does appear to reach those parts of the shoot which are protected 
by outer leaves or underground organs. This has been suggested to be due to ^°Sr 
being washed down in rain from leaves to the leaf bases where it is absorbed into 
the stem and translocated u p w a r d s .I n  the case of caesium, this mode of 
contamination is not significant, for this radionuclide the reactions with soil are 
more important.
1.6.2. Indirect Contamination o f Plants
When sufficient time has passed after the deposition of fission products, direct 
contamination will cease to be important, and the degree to which foodstuff is 
contaminated with long lived radionuclides will depend on absorption through the 
root of plants. As ions pass into the plant, the lowering of the concentration in the 
soil solution will cause a progressive transfer from the solid phase of the labile 
pool, into the solution. Hydrogen ions released from the root may influence the rate 
at which the ions pass into the solution. If the absorption of ions by plants is to 
continue at a constant rate it is necessary that the soil solution is supplied at a 
sufficient rate to maintain its concentration. If the rate of release of ions from solid 
phases does not equal the rate of absorption, a progressive depletion of the solution 
will occur and this will eventually reduce the rate of absorption.
The quantity of ions in the solid phase of the labile pool determines the total 
nutrient supply which can become accessible to the plant. Also the concentration of 
nutrients in the soil solution determines the rate of absoiption at any time. The 
physicochemical state of an ion in the soil, as determined by its potential in the soil 
solution and the quantity of ions in the labile pool, are important factors which 
determine the extent to which it will enter the plants.
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1.6.3. Factors Affecting Plant Absorption o f Radionuclicles
The quantity of nutrient ions which a plant absorbs during its growth is 
controlled by many factors, such as, concentration of ions, their chemical 
characteristics, pH, the concentration of ions in the external medium, and the extent 
to which the ion in question is utilised in metabolic processes. Also some other 
factors such as, the soil type, soil additives, and the plant itself, may affect the 
absorption.
1.6.3.1. Effect of concentration and chemical characteristics of ions
At relatively low concentrations the quantity of ions absorbed by plants is 
proportional to the external supply. At higher concentrations toxic effects are likely 
to occur. During the initial stage of the absorption process multivalent ions are 
accumulated preferentially to univalent ions i.e. ^^Zr > ^^^Rh >^% r > ^37Cs; the 
relative rate at which ions are taken up is generally analogous to that observed on 
inert ion exchange systems. In the second stage of absorption, during which ions are 
actively transported across a barrier which prevents diffusion, the order is reversed. 
Univalent ions pass more rapidly than those of higher valency for example, 
will pass more rapidly than ^°Sr. Ions of low valency are usually transferred to 
plant shoots in the greatest quantity. The capability with which similar ions are 
absorbed is in general related to their hydrated radii; thus potassium is absorbed 
more easily than caesium and calcium is absorbed more easily than strontium.
1.6.3.2. Effect of pH
Although the maximum rate of absoiption often occurs when the pH is close to 
neutrality, only small reductions may result from considerable variations in pH, 
provided that the degree to which salts are dissociated does not change. Thus the 
absorption of strontium and caesium has been shown to be moderately affected 
when the pH is varied between 5.5 and 8.5.1? jf alteration of pH causes a 
precipitation of the ions, absorption is greatly reduced. A change in valency induced 
by alteration of pH may similarly affect the rate of absorption.
1.6.3.3. Interrelationship between ions
If an increase in the external supply of any of the ions causes an increase in the 
growth of a plant, other ions are likely to be absorbed more rapidly. Ions can also
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compete in the absorption process in a comparable manner to that observed in inert 
ion exchange systems; this effect has been described as an antagonism J* There also 
other types of interaction occurring, for example, an increased supply of calcium 
may enhance the absorption of other cations.
Radionuclides are always present at very low concentrations relative to their 
stable ion levels in growing plants. Therefore, radionuclides are considered not to 
affect the rate at which other ions are absorbed. Their entry may be controlled by 
the concentration of stable ions in the external medium. Radioactive and stable ions 
will enter the plant in the ratio in which they are present in this medium, so the 
absorption of the radionuclide will be inversely related to the concentration of the 
stable carrier. The concentration of a closely similar ion, if it is present in 
considerably higher quantities than the stable ion of the element, is often the 
principal controlling factor. This can be exemplified by the interaction of strontium 
and calcium, and also the influence of caesium on potassium absorption.
It has been suggested that the addition of stable isotopes to a soil containing a 
radionuclide can lead to two different possibilities: ( 1 ) reduction in uptake of the 
radionuclide by mass action effect, and (2 ) enhancement of radionuclide uptake. 
The addition of stable caesium to soils has been shown to enhance the absorption of 
^37Cs. This relationship, the opposite to the competitive interaction which occurs in 
water culture, is attributed to the stable caesium reducing the extent to which 
is retained on sites in the soil where it could otherwise be rendered unavailable. The 
uptake of ^^Sr is also affected by addition of stable strontium to soil. It was found 
that addition of 4.4 to 220 mg of stable strontium per 100 g of air dry soil caused 
an increase in plant uptake of the radionuclide, particularly for acidic soil that 
contained natural s tro n tiu m .It'w as  suggested that the stable isotope displaced the 
radionuclide tracer adsorbed onto the soil exchange complex so that 90$r was free to 
move into the soil solution and be readily available to beans {Phaseolus vulgaris) 
and Ladino clover (Trifolium repens) 5"^
1.6.3.4. Effect of plant species
It is clear that the physical and chemical characteristics that differ from species 
to species have a marked effect on the accumulation of radionuclides in plants. It 
has been reported that the maximum and minimum values of ^^Sr accumulation by a 
variety of grain crops and legumes from the same soil differed by a factor of 85. 
and in different varieties of root and vegetables crops by a factor of 350.
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Comparative absorption of B^Sr by the foliage of seedling plants of bean 
(Phaseolus vulgaris), cauliflower (Brassica oleracea), radish (Raphanus sativus), 
lettuce (Lactuca sativa) and corn (Zea mays) have been reported . 2 0  The results are 
summarised in Table 1.4.
Table 1.4. Comparative foliar absorption of ^^Sr by several plant species.?®
Plant species % absorbed in 72 hours
Phaseolus vulgaris 24.2
Brassica oleracea 15.4
Raphanus sativus 1 2 . 1
Lactuca sativa 10.3
Zea mays 1.9
Romney?® reported that root crops accumulated most Sugar beet (Beta
vulgaris) had the highest uptake value for vegetables, sweet clover (Meliloius 
officinalis) the highest of the forage crops, and oats (Avena sativa) the highest of the 
cereals,?® Evans and Dekker?* found that ^??Cs was taken up by certain categories 
of crops in the following order: vegetable crops > forage crops > cereal crops. 
Menzel and James?? found that plugging to 30 cm depth decreased the uptake of 
®®Sr by shallow-rooted plants such as ryegrass and clover, but had little or no effect 
on uptake by deep-rooted crops. Lower uptake levels of ^??Cs from nutrient 
solution have been reported for Russian thistle (Salsola pestifer) than for bean. 
barley or tomato leaves. The concentration ratio for bean plants was an order of 
magnitude greater than the ratios measured in Russian thistle and wheat. 
Szabo??’?'^  had shown that bean plants (Phaseolus vulgaris) accumulate both stable 
and radioactive caesium and strontium more than either wheat or maize.
It has been found that fungi has a specific ability to accumulate caesium, but this 
varies within species. The highest concentration of ^??Cs was found in fungi grown 
in soils with a low pH.?^
Lichens and mosses are complex plants made up of an algae and a fungus 
growing in symbiotic association on a solid surface such as rocks or tree trunks. 
Since they do not have roots both lichens and mosses absorb substantial amounts of 
nutrients from the atmosphere, and as such they are known as bioaccumulators 
which concentrate radionuclides more effectively than vascular plants.?^
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1.6.3.5. Soil additives
Determining the influence on absorption of different soil additives is an 
important task, particularly with respect to the effect that fertilisers might have 
when added to arable soils. It has been shown that in the case of radish grown in 
soil compost, uptake of 90gr was depressed by the application of a potassium 
fertiliser.?? Also the concentration of ^®Sr was reduced in oats by increasing the 
application rate of a potassium sulphate fertiliser.
The uptake of ^^Sr tracer by barley and ryegrass grown in Danish soils with a 
high degree of calcium saturation was more effectively reduced by the application 
of a superphosphate fertiliser than by liming. This feature was attributed to a 
competition from calcium added in the superphosphate and also to the precipitation 
of strontium phosphates reducing their availability for root uptake.'*
An important factor of caesium uptake is that the source of nitrogen, such as 
N-compounds used in fertilisers, may influence the plant response. When nitrogen 
was added as NH 4 + compared with NO^- to some Canadian soils, it increased the 
levels of ^3?Cs in oats. This caesium uptake was enhanced when the soil also had 
low concentrations of potassium. However, addition of potassium fertilisers 
together with NH^-nitrogen lowered the radiocaesium concentrations in oats by an 
order of magnitude.?* In experiments with clover, it was shown that the addition of 
small amounts of stable caesium to soil caused a large increase in the uptake of 
^37cs, but reduced the uptake of potassium in soils treated with NH^-nitrogen 
fertilisers.?^
1.6.4. Distribution o f Radionuclicles in Plants
When radionuclides enter a plant, they are not uniformly distributed but tend to 
concentrate in certain organs. Table 1.5 shows the results of an experiment by 
Szabo (1979) on the uptake of radioactive strontium and caesium by maize, beans 
and wheat.??’ ?'' This indicates that while more than 80% of the ^^Sr becomes 
distributed in the plant stem, the majority of the remains in the root and does
not contaminate the aerial parts of the plant.
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Table 1.5. Percentage distribution of^^Sr and crops.??
% %  % 137cs
Plant Root Stem Root Stem
M aize 15 85 58 42
Beans 14 8 6 68 32
Wheat IS 82 61 39
With reference to lichens, Nevstrueva and coworkers found that 90$r was evenly 
distributed in Cladonia alpestris that had been placed in a radioactive solution, 
while I37(]g remained mainly in the tissues in contact with the solutions; In the 
field, selective accumulation of ^37qs occurs at the top of the lichen to give 
concentrations that are 3 to 4 times greater than in lower tissues.?®
The literature reviwed in previous sections showed that to date, no studies have 
been reported for the effect of dose, pH and organic matter content in bean plants, 
which are an important component of the Mexican diet. Although some studies have 
been carried out for bean plants, none of them have investigated all parameters 
together, or have used both stable and radionuclides to compare the behaviour of 
caesium and strontium. In this study, two different stages in plant growth were 
investigated, namely bean plants contaminated after postgermination and in mature 
bean plants.
1.7. Effect of RadioniicUdes on Plants
Chronic and acute exposures to radiation induce a variety of responses in 
growing plants ranging from reduced or abnormal growth, and changes in colour to 
partial or complete sterility. It is well established that these effects of radiation on 
plants are mainly due to its action on the chromosomes of cells which will 
subsequently divide; deoxyribonucleic acid (DNA) appears to be the site of primary 
damage.?'
Radiosensitivity has been reported to be influenced by factors other than nuclear 
or chromosomal volume.?? For example, polyploid (cell with more than the normal 
DNA complement) species are less sensitive than diploid (22 chromosomes) species, 
due to perhaps the reduplication of genetic material, which tends to mask damage to 
individual chromosomes. Under conditions of chronic exposure, sensitivity will also
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be influenced by the total dose received during a single mitotic cycle. In general, 
effects on individual physiological processes such as respiration and photosynthesis 
are not induced until plants are subjected to doses of radiation considerably in 
excess of those which affect the cell nucleus.
Strontium can be taken up by plants in larger concentrations with less injury 
than that shown by caesium, but it has been published that 3 to 6  fxCi g"? soil 
reduced the formation of pea root nodules and a beta activity of 9 juCi g ? or more 
resulted in a complete inhibition of nodule formation occurs. Furthermore 
exceeding the range of beta activity from 9 to 15 pCi g-'^  soil caused growth of 
lettuce and peas to be retarded.??
1.8, Radioactivity in Man
Radiation reaches Man's tissues in two ways: (1) from sources outside the body 
(external), and (2 ) from radioactive substances entering the body via food, water, or 
air (internal). These two categories are described as external and internal irradiation 
respectively. Both arise from natural and also man-made sources.
1.8.1. External Irradiation
The most significant sources of external radiation are cosmic rays, X-rays, 
gamma rays and neutrons. The more penetrating radiations of these types deliver 
relatively uniform doses to all organs. With soft X-rays and neutrons, considerable 
attenuation occurs in their penetration through tissues. Beta particles are readily 
absorbed in tissues such that they will irradiate only the surface layer of the skin 
and, therefore, constitute an insignificant source of external radiation to the general 
population.
By 1922 it was estimated that more than 100 radiologist had died from 
occupationally produced cancer. '? Similarly it has been estimated that the death rate 
from leukaemia among early radiologists was about nine times that among other 
physicians. Even earlier, it had been recognised that there was a remarkably high 
incidence of lung cancer among the miners in the Schneeberg cobalt mines of 
Saxony and the Joachimsthal pitchblende mines in Bohemia. Eventually, this high 
rate of lung cancer was shown to be due to radiation from the daughter products of 
uranium, namely, %#Ra, -^-Rn, -^^Po.'?
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1.8,2. Internai Irradiation
Radionuclides suspended in the atmosphere or in the soil may be absorbed by 
plants and enter the human food chain by direct ingestion of the plant, or indirectly 
via livestock products, such as milk or eggs.^^ Figure 1.2 illustrates this process.
DEPOSITION
MANANIMALS
SOIL VEGETATION
Figure 1.2. Major transfer processes and their relationships in food chains.
All radioactive substances present in food or water may irradiate the 
gastrointestinal tract and similarly, those contained in air may irradiate the air 
passage and lungs via inhalation. The most significant sources are usually those 
which are absorbed into tissues.
Inhalation is the main pathway through which the gaseous decay products of the 
uranium and thorium radioactive series, namely radon and thorium enter the body. 
But in general it is only when insoluble particles are present in the atmosphere, and 
the risk of absorption from the gastrointestinal tract is eliminated, that inhalation is 
likely to be a major source of exposure for the population.
1.9. Metabolism of Radionuclides
If a radionuclide that enters the blood is an isotope of an element that is 
normally present (Na, K, Cl) then it will behave like the stable element. If it has 
similar chemical properties to an element normally present, then it will tend to 
follow the metabolic pathways of that element although its rate of movement 
between the various compartments in the body may be different ( % r  and ^^^Ra 
behave in a similar way to Ca, *3^Cs and ^^Rb are chemically similar to K). For 
other radionuclides their behaviour in the body will depend upon their affinity for 
biological ligands and other transport systems in the body.
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Radionuclides entering the blood may be distributed throughout the body (^H, 
4% , they may be selectively deposited in a particular tissue in the
thyroid; ^®Sr in bone); or they may be deposited in significant quantities in a 
number of different tissues p^^Pu, such as lung, liver, bone, e tc /
1.9.1. Elements that are Widely Distrihuted in Body Tissues (Cs and K)
The first observation of the presence of ^^^Cs in Man was reported in 1956/^ 
Since then it has been shown to be present in all populations as a result of 
contamination from the environment by nuclear test explosions and more recently 
by the accident at Chernobyl in 1986. Radiocaesium may enter the body either by 
inhalation or through the foodchain. Once inside the body ^^^Cs behaves in a very 
similar manner to K+ and is rapidly taken up by cells. Accumulation of Cs"^ by 
cells is probably due to both diffusion and by the ion pump that normally 
accumulates potassium.
Biological interest in caesium has been increased due to its close 
physicochemical relationship to potassium. Caesium is found at lower levels in 
living tissues when compared with potassium. Relationships between Cs and K, 
have been found in a variety of physiological processes. These relationships exist in 
such diverse actions as their ability to neutralise the toxic action of Li on fish 
larvae,^^ or to affect the motility of spermatozoa, the fermentative capacity of yeast, 
and the utilisation of Krebs cycle intermediates by isolated mitochondria. It has 
been suggested that Cs might have the ability to act as a nutritional substitute for 
potassium. Rubidium, and to a lesser extent caesium, can replace K as nutrients for 
the growth of y e a s t , a n d  this can be extended to bac t e r i a , bu t  higher animals are 
more discriminating.
It has also been reported that Cs is almost completely absorbed from the 
gastrointestinal tract, even at very high dietary potassium levels, and also when K is 
added to the orally administrated tracer sol ut i ons . Al l  plant and animal cells are 
apparently permeable to Rb and Cs ions at rates comparable with those of 
potassium.
The occurrence of caesium in biological samples has not been extensively 
studied. However, it has been found that, like Rb, the caesium content is much 
higher in erythrocytes than p l a s m a . I n  some other studies it was found that the
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distribution of potassium and rubidium between soil, vegetation and different sheep 
tissues varied significantly from that of caesium. Thus, neither potassium nor 
rubidium can be taken to represent biological analogues of caesium and ^^ ’^ Cs 
distribution should only be compared with that of stable Cs/^
1.9.2. Elements that Deposit Mainly in a Particular Organ or Tissue (Sr and Ca)
There has been an increasing interest in the metabolism of strontium because of 
contamination of the globe with radioactive strontium from nuclear fission 
explosions in the atmosphere. In brief, there is an invariable association of 
strontium with calcium in the food chain, namely soil-plants-animals-man. There is 
a differential absorption of calcium over strontium for bone and milk production; 
and there is a preferential urinary excretion of strontium over calcium.
Early studies showed that the metabolism of strontium was similar to calcium 
but not identical.'^ However, wherever there is a metabolic controlled passage of 
ions across a membrane (gastrointestinal absoq^tion, renal excretion, etc.) calcium 
is apparently transported more effectively than strontium.^ The physiological and 
nutritional variables that affect strontium metabolism are similar to those that affect 
calcium metabolism and usually operate in the same direction.
It has been shown that raising dietary calcium intakes from low to normal 
reduces strontium retention. Increasing the dietary levels of alkaline earth elements 
also depresses radiostrontium retention, with strontium being the least effective.
Strontium is poorly retained by humans. In the adult individual, net retention is 
essentially zero. Excretion occurs via the kidneys and the bile.^* Absorbed 
strontium is carried in the blood to the tissues, where the amount that is retained is 
preferentially deposited by two distinct processes in tiie bones and teeth. This has 
been described, firstly, as a rapid incorporation phase attributed to the blood 
strontium deposited by ion exchange, surface absorption, and processes in protein 
binding; and secondly, a slow incorporation of strontium into the lattice structure of 
the bone crystals during their formation. Both processes are believed to depend 
mainly on the strontium concentration of the blood, including the cord blood in the 
view of the early appearance of strontium in the bones and teeth of humans."^-
1.10. The Chemistry of Caesium and Strontium
Once radioactive caesium and strontium are released into environmental and 
biological systems, they will eventually come into chemical equilibrium with their 
stable counter parts already present in the system. They will effectively act as a 
tracer for the movement of naturally occurring caesium and strontium. Therefore, 
in understanding the behaviour of radiocaesium and radiostrontium it is important to 
examine the environmental chemistry of these elements and the alkali and alkaline 
earth groups.
1.10.1. Alkali Metal and Alkaline Earth Groups
The Group lA elements, except for H, are referred to as alkali metals, and the 
group HA are called the alkaline earth metals (Table 1.6).
The chemistry of these elements is dominated by their tendency to lose the .T 
electrons and attain a stable inert gas configuration. This tendency is shown by the 
low ionisation potentials and strongly negative oxidation potentials. The metals are 
among the most powerful of the chemical reducing agents and combine directly and 
usually violently with most non-metals to yield ionic compounds.
Table 1.6. Chemical properties of the alkali and alkaline earth metals^
Element Atomic Ionic Ionisation Electronegativity Abundance Coordination
radius (Â) radius (Â Ener&iy Kj mol" {kcal g"' atom) (^gml ' o f the crust numbers
Li L 52 0 .6 520 0 .95 65 4 ,6
Na 1.86 0 .95 497 1.0 28300 6
K 2.31 1.33 419 0 .9 25900 6
Rt) 2 ^ 4 1.4S 403 0 .9 310 6
Cs 2 .62 1.69 376 0.85 7 6 ,8
Be 1.11 0.31 899 1.5 6 2 ,4
M g 1.60 0 .65 738 1.25 20900 6
Ca 1.97 0 .99 590 1.05 36300 6
Sr 2 J 5 1.13 549 1.0 300 6
Ba 2 ,17 1.35 503 0 .95 250 6
The cations formed by these elements (M+ by Group lA, M-+ by Group IIA) 
are very stable and form salts with most strongly oxidising or reducing ions. 
Caesium is particularly useful to stabilise large ions, as in the formation of the 
halides ions, HX o, such as CsCl. The reductivity increases down each group and 
the Group IA elements are more reactive than the corresponding members of the 
Group IIA.
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In general, groups I and II have the following physical properties:
• High electrical conductivity that decreases with increasing temperature.
• High thermal conductivity, malleable and ductile.
• Solid state characterised by metallic bonding.
Chemical properties
• Outer shell contains few electrons.
• Low ionisation energies and electronegativities.
• Form cations by losing electrons and ionic compounds with nonmetals.
The alkali metals have melting points ranging from 29°C to 180°C and boiling 
points in the range 670°C to 1340°C, which in both cases fall with increased atomic 
weight. As a result caesium has the second lowest melting point of any metal. The 
Group IIA elements are much less volatile, with melting points six or seven hundred 
degrees higher down this period. Again there is a general tendency for volatility to 
increase with atomic weight.
1.10.2. Distribution o f the Alkali Metal and Alkaline Earth Groups
In these two groups of elements, only Na, K, Ca and Mg are considered as bulk 
elements which are widely distributed in the earth and play an important role in 
some functions in the body; the rest are considered as trace elements.
Lithium is widely distributed throughout the Earth's crust and is likely to be 
concentrated in acidic igneous rocks and sedimentary aluminosilicates. Potassium is 
found as abundantly as sodium in the crust of the Earth. It is found in silicate rocks, 
minerals, salt deposits, saline waters, natural waters, and plant ashes. Rubidium is 
widely distributed in nature, but occurs in small amounts. It is found associated 
with caesium in potassium minerals and mineral water. Caesium occurs in minerals 
along with rubidium, but is present in much smaller amount than any of the alkali 
metals. It is the most alkaline and electropositive of all the alkaline metals. It 
appears to have a great affinity to be bound to aluminosilicates.
Trace elements of the Group IIA (Be, Sr and Ba) behave similarly to Ca and 
Mg. Beryllium is widely distributed, it exists in relatively small quantities, 
comprising less than 10 % of the major rock types. It occurs as an oxide in 
combination with other elements in minerals. Magnesium is found abundantly in the
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crust of the Earth and occurs only in a combined state in ores, minerals, sea water, 
plants, and animals. On the other hand, calcium is a very widely distributed element 
in nature and it is found combined with other elements in minerals, river water etc. 
Strontium is the element least abundant among this group. It occurs usually as a 
carbonate or sulphate, accompanied with calcium or barium in rocks and minerals.
1.11. Element-Pairs with Reference to Caesium and Strontium
In the natural environment, the associations of chemically similar major and 
minor or trace element-pairs (e.g. K-Rb, Ca-Sr, Rb-Tl) are often characteristic for 
regionally distributed rocks. This feature is potentially useful as a tracer to identify 
food grown in defined geochemical environments. An extension of this approach is 
then to determine whether or not some characteristic element-pairs in rocks, soils 
and plants can be preserved in animals and finally to man residing within the 
region. The association is most likely to be preserved when a sufficient mass of the 
human diet grown within a region is consumed locally.
Interrelations between the chemical elements are of some importance in 
radiological protection, as the behaviour of a common element in the human body 
can be used to predict the distribution of a very small amount of a radionuclide or a 
trace element (e.g. Ca-^*^Sr, Ba-^-^Ra). Knowledge of the mass of the chemical 
elements in the diet can also provide useful information should constituents of 
Man's food chain become contaminated. Any major or trace nutrient that markedly 
affects the yield of a plant crop or animal foodstuff also affects the chemical 
composition of plants and animals, and therefore the quality of any resulting food 
available to Man.
1.12. Trace Elements in Plants
In order to assess the content of caesium or strontium in plants it is important to 
determine the type of interaction that these elements have with trace elements 
existing in plants. It is also important to evaluate trace elements behaviour and 
amounts at which they exist in natural environments to predict the possible 
association of Cs and Sr in bean plants and foodstuffs.
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Plants can accumulate trace elements, particularly heavy metals, in or on their 
tissues due to their great ability to adapt to the variable chemical properties in the 
environment. Thus, plants are intermediate reservoirs through which trace elements 
from soils, water and air move to man and animals.
The role of trace elements in plants can be characterised in relation to 4 main 
processes, namely, absorption, essentiality, interaction with other ions, and toxicity.
1.12.1. Absorption o f Trace Elements in Plants
The chemical composition of plants relates to the elemental composition of the 
growth media, namely, nutrient solutions and soils. One of the most important 
factors that determines the biological availability of a trace element is its binding to 
soil constituents. In general, plants absorb only substances which are soluble in 
water. The concentration of electrolytes in the aqueous phase in the soil is low, so 
that they are dissociated; thus they enter plants as ions, not molecules. Absorption 
by roots is the main pathway of trace elements to plants. However, the ability of 
other tissues, such as leaves, to readily absorb some nutrients and trace elements, 
has also been o b s e r v e d . T h e  absorption of trace elements by roots can be 
passive or active. Passive uptake is the diffusion of ions from the external solution 
into the root endodermis. Active uptake requires metabolic energy and takes place 
against a chemical gradient.
Trace elements absorbed by leaves can be translocated to other plant tissues, 
including roots where the excesses of metals can be stored. The rate of trace 
element movement among tissues varies greatly, depending on the plant organ, its 
age and the element involved. A fraction of trace elements absorbed by leaves may 
be leached from plant foliage by rainwater. This may involve cation exchange 
processes, in which the H"^  ion of rainwater replaces microcations held on binding 
sites in a leaf cuticle.
1.12.2. Essentiality, Deficiency, Toxicity and Tolerance, o f Trace Elements in 
Plants
The essential trace elements for plants are those which can not be substituted by 
others in their specific biochemical roles and that have direct influence on the 
organism so that it can neither grow nor complete some metabolic cycles.
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At present about fifteen trace elements are known to be essential for all plants 
(As, Co, Cr, Cu, F, Fe, I, Mn, Mo, Ni, Se, Si, Ti, V and Zn). Other elements are 
proved necessary for a few species only, or have stimulating effects on plant 
growth, but their functions are not yet recognised. A feature of the physiology of 
these elements is that even though many are essential for growth, they can also have 
toxic effects on cells at higher concentrations.
Trace elements are involved in several metabolic processes, such as, respiration, 
photosynthesis and assimilation of some nutrients such as nitrogen and sulphur. It 
has been reported that if the supply of an essential trace element is inadequate, the 
growth of the plant is abnormal or stunted and its further development, especially in 
metabolic cycles, is disordered."*^
Both deficiencies and toxicities of trace elements in plants usually result from 
complex factors that vary with the specific environment. However, many 
observations and experiments conducted on various soil types in different countries 
have demonstrated that soil origin and properties are the main factors controlling 
micronutrient deficiencies. The most frequently occurring deficiencies are related to 
extremely acid soils (light sandy) or to alkaline soils (calcareous) with improper 
water regimes and with excesses of phosphates, Ca, Fe and Mn oxides."*^
Toxic levels of trace elements in plants, as well as their effects, depend on the 
proportion of the related ions present in solution and on their compounds. The most 
toxic metals for plants and microorganisms are Hg, Pb, Cd, Ag, Be, and Sn. An 
excess of trace elements has been reported to cause the following toxic effects:
• Competition for sites with essential metabolites: As, Sb, Se, Te, W and F.
• Affinity for reacting with phosphate groups and active groups of ADP or ATP: 
Al, Be, Sc, Y, Zr, lanthanides, and all heavy metals.
• Replacement of essential ions, mainly major cations: Cs, Li, Rb, Se and Sr.
• Occupation of sites for essential groups such as phosphate and nitrates: arsenate, 
fluorate, borate, bromate, selenate.
Toxic concentrations of elements in plant tissues are very difficult to establish, 
and also visible symptoms of toxicity vary for each species and even for individual 
plants. The most common and nonspecific symptoms of phytotoxicity are brown 
points on leaves (chlorotic), coralloid roots, and stunted leaves."*^
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Another important feature of plants is their ability to prolong survival under 
conditions of trace elements excesses in their environments, mainly in soil. Lower 
plants (mosses and lichens) exhibit an extremely high level of adaptation to toxic 
concentrations of certain trace elements. Higher plants are less tolerant to increased 
concentrations of trace elements. They also accumulate these elements and are 
incapable of adapting to soils contaminated by large quantities of various trace 
elements.
Two of the major external factors affecting metal tolerance are; the low 
solubility and mobility of cations surrounding plant roots, and the effects of metal 
ion antagonism. Real tolerance is related to internal factors, and depends on several 
metabolic processes, namely, selective uptake of ions; decreased permeability of 
membranes, immobilisation of ions in roots, foliage and seeds; removal of ions 
from metabolism by deposition in various organs; release of ions from plants by 
leaching from foliage; and leaf shedding and excretion from roots.
1.12.3. Interaction o f Trace Elements in Plants
The interaction between chemical elements may be antagonistic or synergistic. 
Interactions obseiwed between trace elements in plants have indicated that these 
processes are complex. Some of the interactions between major elements and trace 
elements in plants are shown in Table 1.7.
Table 1.7. Interactions between major elements and trace elements in plants.*^
Major
element
Antagonistic elements Synergistic elements
Ca Al, B, Ba, Be, Ccl, Co, Cr, Cs, Cu, F, Fe, Li, 
M n, N i, Pb, Sr and Zn
Cu, Mn and Zn
Mg A l, Be, Ba, Cr, Mn, F, Zn, N i, Co, Cu and Fe A lan d  Zn
P A l, As, B, Be, Cd, Cr, Cu, F, Fe, Hg, M o, A l, B, Cu, F, Fe, Mo,
Mn, N i, Pb, Rb, Se, Si, Sr and Zn Mn and Zn
K A l, B, H g, Cd, Cr, F, M o, Mn and Rb -
S As, Ba, Fe, M o, Pb and Se F and Fe
N B, F and Cu B, Cu, Fe and Mo
Cl Br and I -
Antagonism occurs when the combined physiological effect of two or more 
elements is less than the sum of their independent effects, while synergism occurs 
when the combined effect of these elements is greater. These interactions may also 
refer to the ability of one element to inhibit or stimulate the absorption of other
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Antagonism occurs when the combined physiological effect of two or more 
elements is less than the sum of their independent effects, while synergism occurs 
when the combined effect of these elements is greater. These interactions may also 
refer to the ability of one element to inhibit or stimulate the absorption of other 
elements in plants. All these reactions can vary and may occur within the membrane 
surfaces, inside the cells or surrounding plant roots.
1.13. Aims of the Thesis
In recent years it has become important to establish quantitative information on 
human food consumption. This information, collected primarily for nutritional and 
economic reasons can be used to make estimates of the consumption of toxic 
substances. It can also form a useful basis for selecting the appropriate foodstuffs to 
monitor radionuclide (^ '^^Cs and ^°Sr) uptake on a particular geographic location.
The extent to which radioactive substances are accumulated in foodstuffs may 
often be greatly influenced by the levels of stable isotopes of the same or closely 
related elements. Therefore the aims of this study are to:
1 ) investigate the application of inductively coupled plasma mass spectrometry 
(ICP-MS) for the analysis of caesium and strontium in foodstuffs, with a critical 
evaluation of instrument optimisation, calibration, and validation, including 
detection limits, accuracy (using various international reference materials), and 
precision measurements,
2) develop an ion exchange chromatography procedure for the separation of Cs, 
Sr, and Y in foodstuffs (such as beans and milk which constitute the basic 
Mexican diet) using stable isotopes (^^^Cs, ^^Sr, and ^^Y) measurements by 
ICP-MS,
3) evaluate the levels of radioactive ^^ "^ Cs in biological reference materials 
(IAEA-321, IAEA-152, A-14, SOIL-6 , and, IAEA-321) and foodstuffs (milk, 
corn, beans, and crab) using conventional methods of analysis and the developed 
ion exchange chromatography procedure in conjunction with gamma ray 
spectroscopy (GeLi detector),
4) investigate the effect of dose, growth medium (pH, organic content), and the 
elements (Ca, K) on the uptake and accumulation of stable and radionuclides of 
Cs and Sr in postgermination and mature bean plants. Both glasshouse and 
laboratory growth cabinet trials will be used with the measurements being 
conducted by either ICP-MS or gamma ray spectroscopy and liquid scintillation 
counting.
Chapter 2
2 . A n a ly tic a l  M e t h o d o l o g y
2.1. Methods for Elemental Analysis of Biological and Environmental Matrices
To date, various analytical methods have been used for the determination of 
elemental levels in biological and environmental matrices. With increasing demands 
for improved specificity, detection limits and multielement capability, there has 
been a progression from some techniques such as atomic absoiption spectrometry, 
atomic emission and fluorescence spectrometry, and inductively plasma atomic 
emission spectrometry (ICP-AES) to neutron activation analysis (NAA) and 
inductively coupled plasma mass spectrometry ( I C P - M S ) . O f  the multielemental 
analytical techniques currently available for biological and environmental analysis, 
most have some analytical methodology problems, such as, overlapping emission 
line interferences for ICP-AES, matrix problems for X-ray fluorescence, complex 
spectra, and long-lived decay and counting times for NAA. Recently, inductively 
coupled plasma mass spectrometry has become available but it has a limited number 
of applications for the elemental or stable isotope analysis of biological or 
environmental samples matrices, the major portion of investigations to date has 
dealt with instrumentation and its performance.
In this study ICP-MS will be used to assess the elemental composition of 
foodstuffs and bean plants. Therefore, an overview of the method is necessary to 
illustrate the main components of a typical ICP-MS instrument.
2.2. Inductively Coupled Plasma Mass Spectrometry
Inductively coupled plasma mass spectrometry (ICP-MS) is a powerful 
multielement analytical technique, which has been used to determine the elemental 
or stable isotope composition of different materials in recent y e a r s . T h e  use of the 
ICP as an ion source for mass spectrometry was pioneered by Date and Gray in 
England,-‘'2 and Houk in the USA.-**^  The increasing number of research studies since 
then have shown the strengths of the technique to be:
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1 . ability to detect very low levels of most elements over the range of fxg mh^ to 
ng ml“^  in a given sample, together with a wide dynamic range (typically 1 - 1 0 ? 
ng ml’i), with good matrix tolerance in solutions of up to 1  % solid content, and 
relative simplicity of interpretation of spectra due to the high proportion of 
singly charged ions produced;
2 . good resolution and abundance sensitivity;
3. the ability to determine stable isotope ratios which provide the opportunity to 
undertake tracer and isotope dilution studies.
ICP-MS in its basic form has samples introduced as an aerosol into an 
inductively coupled argon plasma operating at a temperature of approximately 8000 
K. Inside the plasma the sample is broken down almost completely into its atomic 
components which are then ionised to a high degree by a combination of electron 
impact and ionisation. For elements having an ionisation potential below 
approximately 10 eV, ionisation is almost complete. Therefore, there is only a small 
difference in the detection efficiencies between these elements.
A series of apertures is used to guide the ions produced within the plasma into a 
relatively high vacuum region where a quadrupole mass analyser is located. This is 
used to split out the resulting ion beam into its components according to the mass to 
charge ratio of the ions. A detector system is located behind the mass analyser. This 
is used to measure the intensity of the ion beam of the selected mass to charge ratio. 
This intensity is then taken as a direct measure of the concentration of the selected 
element in the original sample solution. The detector may be either an ion counting 
multiplier for small ion beams or a Faraday plate type for large ion beams. Figure 
2.1 shows a schematic diagram of a typical ICP-MS system.
Current instruments are computer controlled. A desktop computer system 
supervises all aspects of operation of the hardware, the acquisition of data and the 
print out of results. Through the computer system the operator may set all the 
parameters appropriate to a given type of analysis. These parameters may be stored 
and later recalled for the analysis of similar samples at a later date. The basic 
components of ICP-MS are described in more detail in the next sections.
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Figure 2.1. Schematic outline of an ICP-MS system.
2.2.1, Sample Introduction
In order to prevent instabilities caused by large droplets, the ICP requires any 
sample to be introduced into the central channel gas as a vapour or fine aerosol. The 
most common methods used to produce these forms are: pneumatic or ultrasonic 
nébulisation, electrothermal volatilization, laser or spark ablation, and generation of 
volatile hydrides or oxides.
The typical analysis of biological or environ metal solutions uses a peristaltic 
pump to enhance a reproducible delivery of the sample to tlie nebuliser. The basic 
ICP-MS system has a Meinhard type pneumatic nebuliser. In this nebuliser, argon 
at a pressure of typically 30 to 40 psi passes through the outer channel. The sample 
fluid is drawn through the central channel as a result of the partial vacuum created 
by the fast flowing argon around the exit orifice of the central tube. As the liquid 
flows out of the end of the tube, it is broken up into very fine droplets by the 
shearing action of the gas flow and then passes into the next stage of the sample 
introduction system; the spray chamber. The primary role of this device is to 
prevent large droplets (i.e. >  1 0  pm) from staying in the gas stream and delivers 
them to waste. The spray chamber ensures that only droplets small enough to 
remain in suspension in the gas flow are carried out into the plasma.”
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There are other types of nebiilisers;^^'^^'^^ Cross flow, V-Groove and the 
ultrasonic. The cross flow nebuliser operation is similar to that of a scent spray, 
where a horizontal jet of gas passes across the top of a vertical tube. The reduced 
pressure that is generated draws liquid up the tube where the gas strem breaks it 
into a cloud of fine droplets. The V-Groove nebuliser uses a jet of argon to create 
fine droplets of sample solution by a shearing action; however, instead of using a 
concentric configuration to bring the solution into contact with the jet, the sample is 
contained to flow down an external groove. This type of nebuliser has the advantage 
of its geometry, which is less prone to blockage than the concentric arrangement. 
The overall useful efficiency of both types, Meinhard and V-Groove, is of the order 
of 1  or 2  %.
The ultrasonic nebuliser is a very efficient type of nebuliser, up to 50%, and 
produces the required fine droplet distribution by means of a rapidly vibrating 
surface onto which the sample solution is deposited. The surface vibrates at 
ultrasonic frequencies and is driven using a Piezo-electrical crystal. In this work a 
V-Groove nebuliser was used (Figure 2.2).^^
Sample Input 
/  connectorV^ieove In end of body
Rne aeroool
Nebuliser gas orfflce
Vuroove nebtdlser
Figure 2.2. V-Groove nebuliser^^
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2,2.2. Inductively Coupled Plasma
The high temperature of the ICP, makes it very suitable as a vaporisation, 
atomisation and ionisation source for elemental analysis. In the case of ICP the 
plasma is supported by argon gas which flows from a cylindrical quartz torch. Near 
the mouth of the torch are a few turns of a water cooled copper coil. When an 1-2 
kW RF power is applied to the coil a magnetic field is created within. The plasma is 
produced through the interaction between the gas and this magnetic field. Since 
argon is an inert gas there is a need for some charged particle seeds to start up the 
reaction. These seeds are normally electrons produced by a spark discharged from a 
Tesla coil. In the magnetic field the electron will gain energy.
The torch as can be seen in Figure 2.3, consists of two concentric tubes of 13 
and 1.5 mm inner diameter. Each annular region formed by the tubes is supplied 
with argon gas by a side tube entering tangentially so that it creates a vorticular 
flow.
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Figure 2.3. ICP-MS torch^^
The outer gas flow (coolant flow), protects the tube walls from overheating. The 
second gas flow (auxiliar flow) that is introduced to the inner annular space is the 
plasma support gas. The third flow (carrier gas) which passes through the central 
injector tube is used to carry the sample aerosol to the plasma.
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2.2.3. Sampling Interface
After their formation in the plasma, the analyte ions must be transported into the 
analysing mass spectrometer through an appropriate interface system. In the 
Finnigan MAT SOLA instrument, it is a system with three cones, through which 
the pressure drops from atmospheric to approximately 2x10'^ torr. The first cone, 
the sampling cone, is located 14 mm from the end of the load coil and has an 
aperture of 1.1 mm at its tip. Located 8  mm behind the sampling cone is the 
skimmer cone which is used to select the centre portion of the jet of plasma passing 
through the sampler. The aperture at the end of this cone is 0.8 mm which is 
sufficient to allow most of the ions sampled from the plasma to pass through to the 
next stage of the vacuum system whilst removing the cooler gases at the edge of the 
jet. These gases are subsequently pumped away by the expansion chamber vacuum 
pump.
Behind the skimmer cone is the accelerator cone. The interspace between the 
skimmer cone and the accelerator cone is pumped by a 330 1 sec'^ turbo pump that 
maintains this section of the vacuum system at a pressure of 10"3 torr whilst the 
plasma is being sampled. A voltage of ~2 kV is maintained on this cone, and this 
has the effect of focusing all of the ions passing through the skimmer to a fine cross 
over in the 1 mm aperture at its top. This aperture also acts as the differential 
pumping aperture between the intermediate vacuum section and the high vacuum 
section of the instrument in which the quadrupole mass analyser is located.
In operation, the tail flame of the plasma is brought into contact with the water- 
cooled sampling cone. The torch may be aligned in both the vertical and horizontal 
planes, so that the analyte channel in the centre of the plasma can be sampled. Both 
the sampler cone and the skimmer cone behind it, are usually made of nickel which 
has a high thermal conductivity to withstand temperatures encountered in the tail 
flame,
2.2.4. Ion Focusing
As the ion beam flows through the skimmer, it enters a region where the 
pressure is reduced to the point that the flow becomes random. In order to ensure 
that as many ions as possible reach the mass spectrometer, the beam is focused and 
transmitted by an assembly of electrostatic ion lenses. The negative voltage applied
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on the extractor attracts the positive ions in the region behind the tip of the skimmer 
cone and directs them towards the collector. The species with negative charge are 
repelled and together with neutral atoms and molecules diffuse away from the 
system axis towards the intermediate stage diffusion pump. After passing through 
the extractor the ions are entrained by the collector electrode. An on-axis metal stop 
is mounted on the collector to prevent photons and energetic neutral species 
generated by the plasma from reaching the detector. Ions appearing around the 
photon stop are focused through the differential pumping aperture by two 
consecutive lenses. As the ions pass through this aperture, separating the second 
from the third vacuum chambers, they tend to diverge from their path due to the 
difference in pressure. Optimization of the ion optics dramatically improves the 
performance of the ICP-MS, which in the Finnigan MAT instrument has led to 
better sensitivity with an almost uniform response across the entire mass range of 
elements.
2.2.5. Quadrupole Mass Analyser
The function of the quadrupole is to separate the ions in the extracted beam 
according to their mass to charge ratio (m/z). The accelerator cone produces a cross 
over of the ion beam in the centre of the aperture at its crest. The X and Y deflector 
plates are used to direct the beam, together with the focus and steer plates, into the 
phase matching lens, and are adjusted manually to obtain a compromise between 
transmission and resolution.
The analyser itself consists of a square array of four accurately machined 
circular rods to which is applied a combination of RF and DC potentials. They 
reduce the fringing field at the entrance to the main rods so that low energy ions are 
not prevented from entering.
The magnitude of the beam emerging from the quadrupole mass analyser 
(Finnigan MAT SOLA), is measured by either a DC Faraday plate or a pulse 
counting electron multiplier. The choice of the collector depends on the magnitude 
of the ion beam which is to be measured. Large ion beams (>  10  ^ ions sec'O should 
not be allowed to reach the multiplier as they rapidly reduce its performance. Under 
such conditions a Faraday collector should be used. This in turn provides a 
detection level in the range 100 ng ml“  ^ to 50 /xg ml'fl On the other hand, the 
multiplier collector should be used to measure ion beams in the range of 1 to 1 0  ^
ion sec"\ which corresponds in a range of 1 pg ml"  ^ to 1 0 0  ng ml"C
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The channeltron electron multiplier (CEM) consists of a curved tube with a 
resistive coating of 10  ^ O down its entire length. The tube flares at the input end to 
form a funnel. A positive ion striking the funnel causes the ejection of one or more 
secondary electrons from the surface, which are accelerated down the tube. Further 
collision with the walls releases more electrons and the gain for this process is 
generally greater than unity so a cascade builds up exponentially. Towards the 
bottom of the tube the space charge of electrons that builds up during the cascade 
becomes sufficient to inhibit further multiplication. This effect ensures that all 
output pulses are of the same size. The cloud of electrons leaving the CEM is 
collected by the collector electrode. This is used to produce an analogue signal that 
is fed into an amplifier. The signal from the amplifier is compared with a reference 
level, sent from the ICP-MS control unit, by a discriminator to reject electronic and 
RF noise. Signals from tiie ion detector are counted into memory channels and 
subsequently transferred to the computer, by a multichannel scaler (MCS).
The Faraday cup consist of a metallic cup that is maintained at a potential 
relative to the remainder of the spectrometer that allows ions to be captured by the 
cup. Often the cup is maintained at virtual ground potential. Ions exiting the mass 
analyzer pass through a collimator slit and, in some instruments, through one or 
more suppressor grids or electrodes prior to striking the cup. The suppressor 
electrode is maintained at a potential that returns to the cup any secondary ions that 
are emitted during bombardment of the cup by sample ions. The current produced 
by ionic bombardment of the cup is converted to a potential, amplified 
electronically and display on the readout device.
2 .3 .Data Handling
The data collection in an ICP-MS is carried out with a computer that is linked to 
the programmable logic controller (PEG) through an RS422 interface port. The 
PEG is used to monitor and control all the main functions of the instrument and 
ensure that all the operations associated with the running of the instrument are 
carried out in the correct sequence. The logical relationship between the input and 
the output modules of the PEG is controlled by the program which is loaded into the 
PEG memory.
There are two principal modes which can be used for data collection, these are: 
peak hopping and scanning.
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2 3 .1 . Peak Hopping
In this mode, the mass spectrometer is used to collect data at a number of fixed 
mass positions for each isotope of interest. Normally three points per peak are used, 
one which is the central position of the peak, and two more taken at either side of 
the central point. The advantages of this mode are that time is not wasted collecting 
data for isotopes which are not of interest and isotope ratio measurements can be 
made. The main disadvantages are that no record of additional isotopes is available 
and if a possible drift occurs in the mass calibration, erroneous results will be 
obtained.
2.3.2. Scanning
In this mode, data are collected for a relatively large number of points, so that 
the peak shape is defined for each isotope and the area under the curve is integrated. 
The usual mode of operation is to use the quadrupole to scan across the mass range 
of interest, and to successively build up a picture of the mass spectrum. The main 
advantage of this mode is that interfering peaks are more easily identified if 
complete spectral information is a v a ila b le .In  this work, the scanning mode was 
used for the analysis of samples. The main disadvantages are that it is a very slow 
procedure and usually involves large sample consumption.
2.4. Chemicals and Laboratory Ware
All standard solutions (1000 and 10000 /xg ml"^), nitric acid (Aristar) purchased 
from BDH Spectrosol Limited (Hampshire, England), and hydrochloric acid and 
ammonium hydroxide (Analar) purchased from Fisons Scientific Apparatus 
(Loughborough, England), were analytical grade reagents. Double distilled 
deionised water (DDW) used throughout the elemental analysis was obtained from 
an Elgastat UHQ water purification system with a resistivity of 18 MO cm~k
The resins used in this work were a strongly acid cation exchange resin, Bio Rad 
AG 50W-X8, hydrogen form, 200-400 mesh (BioRad Lab. Richmond, England). A 
crown ether (4.4 (5 )-bis(tert-butylcyclohexano)-18-Crown-6) with the commercial 
name of Sr-Spec® (Hichrom Chromatography, Reading, England). An inorganic
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exchanger, ammonium molybdophosphate (AMP) analytical reagent grade (Aldrich 
Chemical Co. Inc., England).
The pipettes used in this work were the EDP-plus and the EDP-2™ in 
conjunction with Rainin™ tips, acquired from Anachem Ltd (Bedforshire, 
England). The teflon beakers were purchased from BDH Chemicals (Hampshire, 
England), sterile containers from Sterilin™ (Middlesex, England), and metal free 
polypropylene tubes from Elkay Laboratory Products (Hampshire, England).
The equipment used for sample preparation was cleaned by soaking in 10% 
HNO 3  for a period of 10 hours then rinsed with distilled water and finally with 
deionised water prior to use. Teflon beakers were cleaned by soaking in 50% 
HNO 3 , then rinsed thoroughly with deionised water.
2.5. Correction of Data Using Internal Standards
During the analysis of samples, the signal may not remain constant due to 
fluctuations in power supplies, electronic noise, sample introduction and sample 
matrix effects, (e.g. when aspirating samples containing high dissolved solids, 
usually greater than 1 %, the sampling cone becomes progressively blocked resulting 
in a loss of sensitivity). Owing to the possible influence of such factors all data 
were corrected using internal standardisation, which involves the use of one element 
as a reference point for the correction of a second analysed element. There are two 
elements or isotopes that are frequently used as internal standards in ICP-MS, In 
and Rh (^^^In, Both appear in the central part of the mass range and are
almost completely ionised. The internal standard can be used to correct for both 
short and long term fluctuations. The effectiveness of an internal standard requires 
that its behaviour accurately reflects that of the other elements to be analysed. Also 
it should not exist at detectable levels in the original samples, and not suffer from 
isobaric overlap or polyatomic ion interferences. In addition it has been suggested 
that it should be close in mass and ionisation energy to that of the elements to be 
determined.^®
Data acquired from the computer using the software package provided by the 
manufacturer (Finnigan MAT) had to be corrected for both, blank and possible 
shifting of the peak signal. Therefore, another programme written in fortran was
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used for this purpose. The corrected data was then loaded into a commercial 
spreadsheet package 'Quattro Pro' for further statistical evaluation.
As with most instrumental methods of analysis, ICP-MS does not produce an 
absolute value for the concentration of an element. The quantification of measured 
data can be achieved by comparison of the measured count sample of unknown 
concentration with those from a calibration standard containing a known amount of 
the element of interest. In this work, calibration of the instrument was carried out at 
the beginning of each experiment. The concentration of the calibration standard, for 
Cs, Sr, Y and In (internal standard) ranged from 10 to 100 ng m l'l, according to 
the concentrations expected to be found in the samples. The measured counts for 
each sample (raw data) and the calibration standard were collected and transferred 
to a computer after completion of the experimental run. They were then corrected 
using internal standardisation. Table 2.1 shows the % RSD of the signal for a 
standard solution of ^^^Cs^, ^®Sr+, 89y+ with and without In correction (based 
on 3 measurements).
Table 2.1. % RSD of the signal for a standard solution of ^^^Cs+, ^^Sr+, ^^Y + , 
with and without l^^In correction (based on 3 measurements)
Isotope % RSD % RSD
without In with In
correction correction
8 8 $r 1 . 8 0.3
89y 1 . 1 0.5
133(:S 2.3 0 . 2
The results show that there was an improvement when correction for the signal 
using internal standarisation was carried out.
2.6. Interferences in Inductively Coupled Plasma Mass Spectrometry
As with most analytical techniques, interferences in ICP-MS can be 
encountered, especially during the analysis of biological or environmental matrices. 
In general, such interferences can be divided into two categories; spectroscopic and 
non spectroscopic interferences.
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2,6.1. Spectroscopic interferences
This category of interferences is caused by atomic or molecular ions having the 
same nominal mass as the analyte of interest, thereby interfering with the analysis 
by causing an erroneously large signal at the m/z of interest. Depending on the 
origin of the interference, they can be subdivided into three categories:
2,6.1.1. Polyatomic Inteiferences
These interferences are caused by a combination of the major ions in the plasma 
(Ar+, 0 + , N+, H+) and analytes which exist at high levels in the sample. They are 
observed at masses equal to sum of the individual masses, for example, '^®Ari^O + 
and ^®Ar^^Ar+ are observed at masses 56 and 80 which correspond to Fe and Se, 
respectively. A possible solution for these problems is the use of "^^ Fe and 8 2 $^ 6o 
Water and acids used to dissolve the sample matrix may also contribute to these 
interferences. For biological or medical applications the problems associated with 
polyatomic interferences are illustrated in Table 2.2.
Table 2.2. Major polyatomic ion interferences in biological ICP-MS analysis.^®
Mass Probable ion Ion
affected
Ion recommended  
/ or preparation
51 C10 + v+ Separation
52 ArC+ Cr+ Ashing
53 C10 + Cr+ 52cr-^
54 ArN + Fe+ 57Fe+
55 ArNH + , KO+ Mn + -
56 A rO +, CaO + Fe+ 57pe+
57 A 1OH+ Fe+ Blank subtraction
64 SC^+ Zn + ^^ Zn-*-
75 ArCi+ A s+ Separation
80 ArAr+ Se+ G^ Se'*'
95 B1O + Mo'*' 9G]Wo+
97 BrO + Mo"*- 98mo+
43
2.6.1.2, Isobaric Inteiferences
These are caused by overlapping isotopes of different elements (e.g. 87Rb+ and 
87Sr+). These interferences can be easily overcome by using alternative isotopes or 
elemental equations, i.e. using (83 % abundancy) and 85Rb (72 % abundancy). 
However, such changes are sometimes at the cost of reduced sensitivity as the 
alternative isotopes may be of lower abundance.
2.6.1.3. Doubly Charged Ions
The extent of doubly charged ion formation in the plasma is controlled by the 
second ionisation energy. Only those elements with a second ionisation energy 
lower than the first ionisation energy of argon will undergo any significant degree 
of 2+ formation. The presence of doubly charged ions results in two main effects. 
The first is a slight loss in the signal of the singly charged species, while the second 
is to generate a number of isotopic overlaps at one half of the mass of the parent 
element, for example on ^^Ga+. Generally the levels of doubly charged
ions are quite low and in many cases alternate isotopes may be employed.*5•
Throughout this study the isotopes used were carefully chosen to avoid possible 
spectroscopic interferences and also overlapping with other elements. Elements such 
as ^Be, 5^Mn, ^^Co, and ^^^Cs are all monoisotopic ( 1 0 0  % abundance) and 
therefore, only these isotopes may be used for their determination. Elements which 
exist in polyisotopic states should be selected according to their predominant 
relative abundances. For example, '^ ‘^ Ca, ^-Cr, 6 "^ Zn, ^SRb, ^^Mo,
^^^cd, -®-Hg, and -®8 pb. Although interferences do exist on specific isotopes due to 
peak tailing which interfer with the measurements of neighbouring peaks. In this 
study, the measurment of potassium by ICP-MS was impossible due to the tail from 
4®Ar interfering with both and isotopes. Similar problems exist with the 
determination of 8 ®Y due to 8 8 $r tail and also ^Be due to ^^ B and ^^Mn due to ^^Fe. 
In order to overcome this problem, dilution of samples was carried out to lower the 
concentrations of the matrix elements to a suitable level, or separation by ion 
exchange prior ICP-MS analysis.
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2.6.2. Methods to Overcome Spectroscopic Interferences
2.6.2.1. Alternative sample preparation methods
2 .6.2.1.1. Sample dissolution procedures.
Common spectroscopic interferences originated from acids, such as HCl, 
H 2 SO4 , and HCIO4  used during digestion procedures. Therefore, the use of H2 O2  
or alternative acids such as HNO 3 , can be employed to lessen these interferences, 
since the constituents of both solvents are identical to those identified in the plasma. 
For example, if vanadium or arsenic (^^As+) are to be determined, then
hydrochloric acid must be avoided, due to the occurrence of at m/z 51
and 40Ar35ci+ at m/z 75.
The use of nitric acid for the digestion of biological and food samples has been 
widely favoured,^- since its constituent elements (H, O and N) are already present 
in air entrained by the plasma. The use of sulphuric and phosphoric acids has 
generally been avoided because of the content of S and P and the formation of 
corresponding polyatomic ions on 48^1+^ and 3 ip i6o+  on 47Ti+).
2.6.2.1.2. Coprecipitation and solvent extraction.
(i) Coprecipitation can be defined as the precipitation of one substance in 
conjunction with one or more other substances. It is generally attributable to 
adsorption, formation of a solid or compound formation. Coprecipitation can be a 
convenient method when the sample matrix itself contains the interfering species, 
and is necessary to separate the analyte completely from the interfering matrix 
components.
(ii) Solvent extraction is based on the affinity of an element between two imiscible 
liquid phases (aqueous and organic). This is not an efficient separation method for 
ions with similar chemical properties. Solvent extraction methods have also been 
investigated by several workers as a process of separating the analyte from the 
matrix.
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2 .6.2.1.3. Other separation methods
The emergence of ion exchange^G-72 ^nd more rapid separation techniques such 
as, preconcentration or matrix removal using chelating resins’^G- 7 5  or 
chromatographic methods^^-Gi have reduced the popularity of solvent extraction for 
total trace element determinations.
Cation exchange resins have been used by several analysts to remove matrix 
elements, preconcentrate trace analytes, and separate rare earth elements.
A different approach to matrix separation by using an electrochemical method to 
selectively preconcentrate Cd and Cu from concentrated solutions of U and Na, has 
been reported.gg This successfully eliminated the interference due to ‘^ bAr^^Na^ on 
G3(Cu + .
2.6.2.2. Alternative, sample introduction methods
2.6.2.2.1. Desolvation.
This is a simple method to reduce oxides and hydroxides by cooling the spray 
chamber, thereby condensing some of the water vapour.g^  A more efficient solvent 
removal can be achieved with more complex systems, such as Peltier effect 
c o o l e r s , G5 and heater/condensers. By using these methods, the analyte signal can be 
increased and the signal due to doubly charged ions, oxides and hydroxide ions can 
be reduced. It has been found that the effect of desolvation on analyte signal 
intensity was highly dependent on the nebuliser gas flow rate and to some extent on 
the mass of the a n a ly t e .G ^
2.6.2.2.2. Thermal vaporisation.
This is a method of sample introduction for ICP-MS using electrothermal 
vaporisation.G7 Despite the effectiveness of this technique for removing solvent from 
the sample, increased transport efficiency of thermal vaporisation methods can also 
contribute to interferences, rather than reducing them, especially if a chemical 
modifier is used.GG
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2 .6 .2 .23 . Laser ablation.
In this technique direct analysis of the solid sample with the minimum of 
preparation can be achieved by using a la s e r .T h e  laser is used to vaporize a small 
part of the sample and in some cases also to ionize it for mass spectrometry. 
Despite the reduction of some interferences, laser ablation still has some way to go 
before it is accepted as a routine, quantitative technique. The main problem is the 
paucity of suitable solid certified reference materials to use as standards and the 
necessity of matrix matching standards and samples.
2 .6 .2.2.4. Hydride generation.
This technique provides the introduction of samples in the form of hydrides for 
certain elements, namely, As, Se, Sn, Sb, Ge, Te, Pb and Bi. Hydride generation 
has the advantages of highly efficient sample transport, near 1 0 0 % and separation 
of the analyte from the matrix. It has been coupled to ICP-MS,^® primarily to 
increase sensitivity and avoid certain spectral interferences, such as ‘^ 0Ar35ci+ on 
^^As+, and 40Ar3‘^ Cl+ on 7?Se+. The most serious interferences in this technique 
come from certain transition elements such as Cu and Fe, although not all hydride 
forming elements are affected.
2.6.3. Non Spectroscopic Interferences
Non spectroscopic interferences are the major limitations associated with 
ICP-MS. These are characterised by a reduction or enhancement in analyte signal 
due to factors influencing the sample transport, ionisation in the plasma, ion 
extraction, or ion interactions in the resultant ion beam.^' The nature and 
concentration of the sample matrix have a direct influence on the severity of these 
effects. Suppression or enhancement effects caused by a highly concentrated matrix 
have tended to be more severe in ICP-MS due to the predominant influence of ion 
extraction and focusing in the mass spectrometer.
2.6.3.1. Sample Innvduction and Transport
The factors that affect nébulisation and sample transport are the design of the 
nebuliser, nebuliser flow rate and viscosity, among others. The droplet size 
distribution will be influenced by the design of the nebuliser and surface tension of 
the solvent. Therefore, solvents with lower surface tension will result in smaller
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droplets. It has been shown that the behaviour of individual droplets in the plasma 
can be a source of considerable signal fluctuation.
2.6.3.2. Effects on Ionisation in the Plasma
It has been shown that the sample matrix affects the temperature in the plasma 
and consequently the atomisation, ionisation and excitation characteristics of the 
discharge. Also the introduction of organic solvents into the ICP decreases the 
excitation temperature and electron d e n s ity ,d u e  to the increased solvent load and 
energy required to dissociate molecular species, namely, carbon.
2.6.3.3. Salt Build-up on the Cones
Suppression of analyte signal can be caused by deposition of salt on the sampler 
and skimmer cones, thereby clogging the orifices and substantially affecting the 
sampling p ro c e ss .T h is  can be a major problem associated with the direct analysis 
of seawater and some biological fluids (such as cerebrospinal fluid).
2.6.3.4. Space Charged Effects
When the ions enter the plasma and produce ionization, the electrons, being 
smaller, quickly move towards the positive electrode. The positive ions, being much 
larger, take a longer time to migrate to the negative electrode. This is important, 
because it means that the positive electrode has a large number of positive ions, 
formed by fast moving electrons, in the vicinity of the electrode. These ions form a 
space charge which tends to reduce the electric field. Evans and Giglio,^^ have 
argued that space charge effects in the region of the skimmer can introduce a bias 
due to preferential loss of light ions from the beam.G*
2.6.4. Methods to Overcome Matrix Induced Suppression in ICP-MS
There are various methods available to correct for matrix induced suppression in 
ICP-MS:
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2.6.4,1, Internal Standardisation
Internal standardisation has been shown to be an effective technique to correct 
for matrix induced suppression and to improve the precision for those elements 
reasonably close in m/z. The use of internal standards is recommended to 
compensate for instrumental drift. Indium and ruthenium are commonly used as 
internal standards since they have almost all the required characteristics for an 
internal standard. In this study the addition of internal standard was carried out to 
overcome a possible signal drift experienced when running the ICP-MS for long 
periods of time.
2.6.4,2. Separation Methods
Typical methods used to separate the matrix from the analyte to avoid non- 
spectroscopic interferences are precipitation and solvent extraction. These are 
similar to those discussed for spectroscopic interferences, using chromatographic 
methods such as ion exchange or chelating resins. Although in this work ion 
exchange was used for the separation of Cs, Sr and, Y in biological samples, these 
studies can also be applied to separate other bulk elements, such as K and Ca, found 
in foodstuffs that may induce interferences.
2.7. Operating Conditions for the Inductively Coupled Plasma Mass 
Spectrometer
The conditions used during sample analysis are listed in Table 2.3. In order to 
evaluate the optimum incident power and flow rate, a synthetic solution of Cs, Sr, 
Y and In at a concentration of 100 ng ml’i was prepared in 1 % HNO 3  and analysed 
using different incident powers and flow rates, ranging from 1.1 to 1.5 kW and 
0.75 to 1.05 1 m iir \  respectively. Figure 2,4 shows the results for the different 
stable isotopes; +  ^ 8 8 Sr+, + , and + .
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Figure 2.4. ICP-MS Response using different incident powers at various flow
rates.
Owing to a substantial increase in back pressure, nebuliser flow rates higher 
than 1.05 1 min"  ^ were impossible to achieve.
It was clear from Figure 2.4 that as the incident power increases the maximum 
response setting shifted to higher nebuliser flow rates. This is in agreement with all 
literature data on this subject.
Under the operating conditions available, a maximum ion count signal could be 
observed for an incident power of 1.1 kW only. This setting was therefore utilised 
for the rest of this study.
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Table 2.3. Operating conditions for Finnigan MAT SOLA ICP-MS instrument.
Plasma incident power 1.1 kW
Reflected power < 5  watt
Cooling gas flow rate 16 1 min'^
Intermediate gas flow rate 1  1 min'^
Nebuliser gas flow rate 1 1  min'^
Spray chamber temperature 2°C
Sample uptake rate 0 . 8  ml miir^
Dwell time 0.25 msec.
Number of passes 256
Detector Channeltron electron multiplier
Isotopes used 8 8 gr, 133cs
Internal standard ^^ I^n ( 1 0  ng ml'^)
2.7.1. Instrument Optimization
In order to evaluate the stability of the ICP-MS instrument, a series of 
experiments were undertaken to evaluate the time required for sample uptake, and 
adequate washouts between samples.
A standard solution of Cs, Sr and Y at a concentration of 50 ng mT  ^ each was 
prepared (acidified 1% HNO3 ) and run in time resolved mode for a total scan time 
of 36 minutes for each element. At the beginning of the scan, the tubing was placed 
in 5 % HNO3 , and left for 1 minute, then, the tubing was transferred to the 
standard solution for 20 minutes. Finally the tubing was placed in 5 % HNO 3  for a 
further 15 minutes in order to evaluate the time necessary for complete washout of 
the previous sample. Figure 2.5 shows the instrument optimization response for 
uptake and washout of the sample for *^^Cs + , BBSr+, and 89y + .
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Figure 2.5. Finnigan MAT SOLA ICP-MS instrument optimization response for 
uptake and washout of a standard solution containing 50 ng mk  ^ Cs, Sr and Y.
From the results it can be seen that at least 100 seconds should be allowed 
before sample uptake is complete, and also for the signal to become stable. 
Furthermore, the time needed for the signal to drop to background levels is 124, 
141 and 140 sec for ^3^Cs + , ^^Sr+, and + , respectively. Therefore, an uptake 
time of 120 sec, and a washout time of 150 seconds was adopted throughout the 
study. It is important to emphasize that these values may vary, depending upon the 
speed of the pump and also the diameter of the tubing used. The period of time 
needed for an adequate washout also depends on the concentration of the sample. 
Obviously at higher analyte concentrations the time required to reduce the signal to 
background is prolonged. Another factor is the actual element to be analysed, since 
some of the elements are considered to be 'sticky' or exhibit memory effects, and 
therefore require longer washout times. For example, for the measurements of Hg 
in analysed foodstuffs, a washout time was 3 to 4 minutes. Some other sticky 
elements, (although not measured in this study) are B and I.
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2.8. Analytical Performance of the Inductively Coupled Plasma Mass 
Spectrometer
In ICP-MS as with all other analytical methods it is important to ensure the 
quality of the data that have been accumulated from the analysis of samples. Any 
analytical problems should be examined at the outset of the study as these will 
directly influence the accuracy and precision of the analysis.
2,8.1. Resolution and Abundance Sensitivity
Two fundamental characteristics of multielement analytical instruments are 
resolution and sensitivity. Resolution may be defined in terms of the peak width, 
measured at a specified fraction of the maximum height, usually 5 or 10 %. For a 
quadrupole analyser the resolution is normally expressed as the ratio of the 
separation between peaks (unit mass) divided by the peak width. As the resolution 
increases, the sensitivity decreases, therefore, these parameters should be 
considered together.
Figure 2.6 shows the resolution for the quadrupole analyser. Using a 10 % peak 
width definition, the resolution is about 0.65 amu for the strontium peak at mass
o
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S r
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1 0
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86 87 88 89 90 91
m/z
Figure 2.6. ICP-MS spectrum for 100 ng ml'i of Sr and Y showing the resolution
of the quadrupole analyser.
53
The abundance sensitivity is a measure of the ability of the system to determine 
a small peak in the presence of a much larger adjacent peak. It can be defined as the 
ratio of the area in a window centred about a peak at mass M to the area 
corresponding to the same window but centred at M +1 or M-1 mass u n i t s . I n  this 
study, the abundance sensitivity was assessed for the indium peak since it is in the 
middle of the range between Sr and Cs. (Figure 2.7). The values calculated are; 9.6 
X 10"  ^for M-1, and 1.1 x 10*^  for M +1.
Mass 112 113 115 117 118
S c  a  l e  : 2 .  0  E •+• 5 c p s  Dwe 1 1 1 i  m e  p e  r  c: h a  n n e  1 ; 6  4 m s
P l o t  t y p e  1! L i n e a r  C h a n n e l s  p e r  AMU s 8
D e t e c t o r  : M u l t i p l i e r  N um ber  o f  p a s s e s  :i 8
Figure 2.7. ICP-MS spectrum for In showing the abundance sensitivity
2,8.2, Accuracy y Precision and Reproducibility
Accuracy is a measure of how close the analysed data lie to the true value. In 
practice the accuracy is best assessed by the analysis of standard reference materials 
(SRMs). These materials comprise samples of proven homogeneity that have been 
analysed by a wide variety of techniques, usually involving a large number of 
laboratories worldwide, and a measure of their true composition o b t a i n e d . T h e  
agreements with the certified values have been reported to be very good when using 
I C P - M S . T h e  accuracy of the analytical procedures was evaluated by using two 
reference materials from the National Institute of Standards and Technology
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(Gaithersberg, MA, USA), NIST:SRM 1572 Citrus Leaves and NIST:SRM 1573 
Tomato Leaves (Chapter 3)
The term precision refers to the variability associated with a measurement. It 
can be represented statistically by the standard deviation (cr) or relative standard 
deviation (RSD). Precision is dependent on the practical method and beyond a 
certain degree cannot be improved. Table 2.4 shows the % RSD (based on 3 
replicate analysis) for two solutions containing 10 and 100 ng niL^, (of Cs, Sr, Y 
and In) respectively. It is clear from this table that the precision may vary, 
depending on the analyte to be measured and its concentration in the sample. In 
general, as the elemental concentrations get closer to the detection limits, the 
precision decreases. High mass to charge ratio (m/z) imply that the ions reaching 
the quadrupole mass spectrometer are of high energies (> 1 0  eV). Therefore, the 
compromise between transmission (sensitivity) and resolution is made more 
difficult, which results in either relatively poor sensitivity with a good peak shape 
or a relatively good sensitivity with a poor peak shape, either way the precision of 
the measurement will tend to suffer.
Table 2.4. The signal precision of calibration standard solutions of Cs, Sr, Y and
In at a concentration of 10 and 100 ng ml"^
Isotope % RSD
1 0  ng ml' ^
% RSD 
1 0 0  ng ml'^
8 8 s r 1 . 8 0.3
89 Y 1 . 1 0.5
2 . 0 0 . 8
133CS 2 . 2 0 . 2
Reproducibility is an important parameter since it is used to described the long 
term precision of a measurement and is useful for evaluating the general 
performance of an instrument over several hours. The reproducibility of the 
instrument was evaluated by analysing the calibration standard solution every two 
hours, and also at the beginning and end of the experiment. Figure 2.8 shows the 
stability of the ICP-MS signal for In as a function of analysis time.
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Figure 2.8. Stability of the ICP-MS signal for In as a function of analysis time
The results obtained were very similar to those obtained for the precision study 
(i.e. the % RSD's ranged from 0.2 to 0.8). It can also be seen that the In signal 
was very stable during routine sample analysis (16 hours), therefore, similar results 
should be obtained for Cs, Sr and Y since they were corrected by using In as the 
internal standard.
2.8.3. Detection Limits
It is important in analysis at trace or ultra trace levels to establish the minimum 
concentration or absolute amount of analyte that can be detected with confidence, 
on a particular instrument from a particular type of sample. The problem is one of 
discerning a significant difference between the response given by a blank and that 
given by the sample, i.e. detecting a weak signal in the presence of background 
noise.
ICP-MS is characterised by greater sensitivity and lower instrumental detection 
limits than any other rapid multielement technique,'®* In ICP techniques, detection 
limits (DL) are usually based on ten determinations of the signal produced by a 
blank solution. Three standard deviations (3a) calculated from these data are 
expressed as an equivalent concentration for each analyte, and reported as the 
instrumental detection limits. Figure 2.9 shows the detection limits of elements 
across the Periodic Table obtained when using a typical ICP-MS system.**^
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Figure 2,9. Typical detection limits that can be achieved by ICP-MS.*^
In this work the detection limits were evaluated by using a standard solution in 1 
% H N O 3 containing the elements of interest, namely Be, Na, Ca, Cr, Mn, Co, Ni, 
Cu, Zn, Rb, Sr, Y, Mo, Cd, Cs, and Pb at a concentration of 100 ng ml *. 
Mercury was studied at a concentration of 5 ng ml'*. The internal standards used 
were Be or Ho (2 ^g mb') for the Faraday detector and In for the multiplier 
detector. Prior to the analysis of these solutions, the instrument was optimised for a 
full mass range. The standard solution was analysed five times using 3 scans each 
time. Then a solution of 1% HNO3  (blank), containing indium at a concentration 
of 1 0 0  ng ml'* was analysed using the same conditions. In order to calculate the 
detection limits, the standard deviations obtained for the blank sample counts were 
compared against the counts from the multielement standard solution. Table 2.5 
shows the results obtained for the calculated detection limits. In the case of *^^Cs, 
^^Sr and ^®Y, better results were achieved when individually optimised. This was 
also undertaken because in most cases only these three elements were analysed.
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Table 2,5. Detection limits for the Finnigan MAT SOLA ICP-MS (ng ml"^)
Isotope Detection Limits Isotope Detection Limits
9Be 0.03 85Rb 0 .0 2
-®Na 0 .80 88Sr 0 .0 4
WCa 0.31 89y 0 .0 2
53 Cr 0 .06 9%W0 0.06
55 Mil 0 .03 "'C cl 0 .0 4
59C0 0 .0 2 * *5ln 0 ,06
5»Ni 0 .06 *33Cs 0 .0 2
55Cu 0.03 202j.jg 0 .93
58Zn 0.03 2Wpb 0.06
In many situations the detection limits depend upon several parameters 
including sensitivity, amount of sample, noise of the detection device, measurement 
time, and the amount of matrix present.
As can be seen from the results, the values in this study are in good agreement 
with those reported in the literature (see Figure 2.9). It is important to emphasize 
that these detection limit values also depend on the time used during the analysis of 
the blank. At low levels sufficient washout time should be allowed between samples 
in order to overcome memory effects.
2,8.4. Linear Dynamic Range
The linear dynamic range can be defined as the range over which the 
relationship between concentration and response is linear. The linear dynamic range 
in ICP-MS has been shown to exceed to six orders of magnitude.-*’'* However, when 
count rates exceed 1 0  ^ counts s e c ', the electron multiplier suffers severe deviation 
from linearity and the high counts can damage the detector, resulting in a shorter 
lifetime. On the SOLA instrument the dynamic range has been extended by using 
two modes of detection, the electron multiplier and Faraday Cup detectors, covering 
the range of 1 pg ml‘* to 100 ng mb* and above 100 ng mb* to 50 yig ml'*, 
respectively.
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2.9. Summary of ICP-MS Conditions
The conditions used during sample analysis can be summarised as follows:
Incident power of 1.1 kW and a flow rate of 1 1 miir*. The optimazation of the 
instrument showed that at least 1 0 0  seconds should be allowed to a have a complete 
sample uptake. On the other hand, the washout time used throughout this study 
varies; i.e. for synthetic solutions it was 1 0 0  sec. and for biological samples 
(foodstuffs) 240 seconds.
In order to have a better precision (% RSD) for the measured analyte it is 
important the use of internal stadards, since it was shown that they corrected for 
both short and long term instabilities of the instrument. The internal standards used 
were ii^In, ®Be, and
Another important factor to consider in order to avoid interferences is the 
selection of the isotopes to be measured. Therefore, after consideration of these 
interferences, the isotopes selected for analysis in synthetic solutions and foodstuffs 
were: ^Be, -^Na, ^^Ca, 53Cr, 55Mn, S9Co, ^snI, 6 scu, 8 % ^  sssr,
98Mo, iiiCd, iisin, i33Cs, :o% g, and -®8 Pb.
2.10. Analytical Techniques for Radionuclides
Inductively coupled plasma mass spectrometry is a technique normally 
applicable to the trace detection of elemental and isotopic constituents of biological 
matrices. One of the most exciting applications of ICP-MS is its possible use for the 
determination of radionuclides,'®- particularly those radionuclides which are 
difficult to measure by traditional radiation detection methods. Radionuclides which 
are long lived, emit low intensity radiation (i.e. X-rays or soft beta emissions), 
which have decay schemes with not efficient radiation detection, and beta emitting 
radionuclides which require tedious radiochemical separations are all good prospects 
for improved determination by ICP-MS. Thermal ionization mass spectrometry 
(TIMS) has been extensively utilized for radionuclide determination in the past, but 
this technique requires extensive chemical separation and the addition of isotopic 
tracers (i.e. isotopic dilution). ICP-MS, by comparison, is relatively versatile, but it 
requires special modification of the equipment to meet the safety requirements. 
Since the instrument at Surrey University does not have such a device, in this study
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ICP-MS will be used to evaluate the efficiency of the ion exchange procedure for 
separating the stable isotopes of Cs, Sr and Y. This work will be applied to the 
analysis of radionuclides of these elements using traditional methods.
Radionuclides decay at variable rates (half lives) and via various nuclear 
transformations (i.e. emission of alpha, beta, and gamma radiation). It is important 
to select an adequate detector for these measurements. In the next section, the 
detection of caesium and strontium radionuclides by using gamma ray spectroscopy 
and liquid scintillation are described.
2.11. Ionizing Particles
The particles that can produce ionizations are divided into two classes: directly 
ionizing particles and indirectly ionizing particles.
2.11.1. Directly Ionizing Particles
Directly ionizing particles are electrically charged particles. They lose their 
energy mainly through interactions with electrons in the absorbing medium. The 
energy transferred to the electrons causes them either to be excited to a higher 
energy level (excitation) or separated entirely from the parent atom (ionization). 
These include electrons (negative beta decay), protons (positive beta decay) and 
alpha particles.
2.11.1.1. Beta particles
Beta emitters are the most important class of directly ionizing particles. They 
consist of high speed electrons which are emitted by nuclei of atoms as a result of 
the energy released in a radioactive decay process involving the transformation of a 
neutron into a proton. Beta particles penetrate matter to a considerably greater 
extent than alpha particles though their range in tissue is usually less than that 
produced by alpha particles.
Beta particles emitted in a nuclear process have a continuous spectrum. This 
means that the energy of the beta particle may have any value up to the maximum 
energy made available by the transformation. The energy difference between this 
maximum and the actual energy of the beta particle is shared between the beta
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particle itself and another particle, known as the neutrino. This has an extremely 
small interaction probability with matter and is therefore undetectable for all 
practical purposes.
2 J  1.1.2. Alpha panicles
Alpha particles are positively charged particles identical with the nuclei of 
helium atoms. They are emitted with an energy characteristic of the parent 
radionuclide and penetrate tissues to only a small extent, usually less than 0 . 1  mm. 
However, along these short tracks, ionization is considerably denser than that 
caused by beta or gamma radiation,
2.11.2. Indirectly Ionizing Panicles
Indirectly ionizing particles are uncharged, consequently they penetrate through 
a medium without interacting with electrons, until accidentally, they make collisions 
with electrons, atoms, or nuclei, which result in the liberation of energetic charged 
particles, such as alpha or beta. These liberated particles are directly ionizing, and it 
is through them that ionization and damage in the medium is produced.
Charged particles have the energy required to produce ionization by virtue of 
their mass and motion (kinetic energy = ‘Amv-). As the particles impart energy to 
the medium through which they penetrate, they lose kinetic energy until they are 
finally stopped. The more energy they have initially the deeper they penetrate 
before they are stopped.
2.11.2.1. Gamma rays
Gamma rays are the most important class of indirectly ionizing particles. They 
are electromagnetic radiations emitted by radioactive nuclei as packets of energy, 
called photons. They are similar to light and radio waves but with much shorter 
wavelengths. Gamma rays have well defined energies since they result from 
transitions between energy levels. These energies range from a few thousand 
electron volts up to several million of electron volts. They travel with the speed of 
light and lose their energy through collisions which result in the ejection of 
electrons from atoms. Gamma rays penetrate matter considerably more deeply than 
beta rays.
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2 .11.2.1.1. Interaction of gamma rays with matter
The interaction of gamma rays with matter is primarily through three 
mechanisms, namely, photoelectric effect, Compton scattering and pair production. 
The degree to which a large number of gamma rays interact by each mechanism is 
largely determined by the atomic number of the material and the energy of the 
gamma ray.
2.11.2.1.1.1. Photoelectric effect
In this process there is complete absorption of the photon by the atom and a 
bound electron is ejected, mainly from the inner shells (K or L shells). The energy 
of the incoming gamma ray, of say 1 MeV, greatly exceeds the binding energy of 
an electron in an atom (less than 40 eV) so essentially all the energy is transferred 
to the ejected electron. The ejection of the photoelectron creates an ionized absorber 
atom with a vacancy in one of its bound shells. This vacancy is rapidly filled by an 
outer shell electron with accompanying emission of characteristic X-rays. The 
photoelectric effect can only take place with the atom as a whole and can not take 
place with free electrons as there will be no recoiling atom to conserve momentum. 
This effect predominates at energies below 400 keV.
2.11.2.1.1.2. Compton effect
The Compton effect is the interaction by which a photon scatters from a free or 
weakly bound electron in the absorbing material. This results in a less energetic 
photon deflected through an angle with respect to the original direction, and a 
scattered electron carrying the energy lost by the photon. The electron, which is 
assumed to be initially at rest, is then referred to as the recoil electron. In this 
process the electron only acquires a fraction of the photon energy and that fraction 
can extend from just above zero up to the maximum energy of the photon. This 
effect may take place several times within a large detector until the energy is 
reduced for the photon to be captured by the photoelectric effect. Compton 
scattering dominates at intermediate energies, about 500 keV up to a few MeV. 
Since the gamma ray energy of *^^Cs is 662 keV this mode of interaction with 
matter will be predominant.
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2.11.2.1,1,3. Pair production
This interaction process occurs when high energy photons interact with the 
intense electric field surrounding nuclear protons. In this process a portion of the 
photon energy (1.02 MeV) is used to create two electrons of opposite charges, and 
the remaining energy is divided as kinetic energy between the two particles. 
However, this interaction is important only at high photon energies and for high 
atomic number materials.
2.11.2.2. Neutrons
Neutrons are uncharged and cannot cause ionization directly. As with gamma 
radiation, neutrons basically transfer their energy to charged particles, or they can 
be captured by a nucleus usually resulting in gamma emission.
2.12. Detectors
All methods of detection of charged particles, or electromagnetic radiations, 
depend on the interaction of such radiations with matter, and also the extent to 
which they impart the energy by the ionization or excitation of its constituent atoms 
or molecules. Detectors consist essentially of: (I) a radiation detector or energy 
transducer in which radiation energy produced by a chemical change is converted 
into electrical signal, and (II) electrical by which magnitudes of these effects in 
detectors may be determined.
The most widely used radiation detectors are devices that respond to ionising 
particles by producing electrical pulses. The pulses are initiated by the imparting of 
energy by the ionising particles to electrons in the sensitive volume of the counter. 
Two major modes of signal production are utilized in radiation counter designs. In 
one mode, the deposited energy serves merely as a trigger to produce an output 
electrical pulse of constant size every time an interaction occurs in the detector. The 
output pulse amplitude is constant regardless of the amount of energy deposited in 
the detector, or the nature of the particle. This type of behaviour is exhibited by the 
Geiger-Muller counter. In the other mode, the magnitude of the output pulse is 
proportional to the amount of energy deposited in the detector; that is, the greater
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the energy deposited, the larger the output pulse. This type of behaviour is 
exhibited by scintillation counters and gas-filled proportional counters. The 
instrumentation used in this work will now be discussed in more detail.
2.12,1. Semiconductor Detectors
A semiconductor is a substance that has electrical conducting properties midway 
between a good conductor and an insulator. The most commonly used 
semiconductor materials are silicon and germanium. These elements, each of which 
has four valence electrons, form crystals that consist of a lattice of atoms that are 
joined together by covalent bonds. Absorption of energy by the crystal leads to 
disruption of these bonds. At non zero temperature, some thermal energy is shared 
between the electrons in the crystal. This energy tends to cause some valence 
electrons to be lost from the bond, thus creating a hole. When an electric field is 
applied, the holes and electrons will drift in the opposite direction thus creating the 
so called n and p regions.
The detection of radiation by a semiconductor detector is based on the 
favourable properties of the depletion region created near the junction between n 
and p region (Figure 2.10). Charge carriers are able to migrate across the junction 
between the two regions because of the discontinuity in the conduction electron 
density. The effect of this charge carrier diffusion is to build up a net negative space 
charge on the p side and a positive space charge on the n side of the junction. The 
accumulated space charge creates an electric field that diminishes the tendency for 
further diffusion, and at equilibrium a steady state charge distribution is established. 
The region over which the charge imbalance exists is called the depletion region and 
it exhibits properties as a medium for the detection of radiation. Electronrhole pairs, 
which are created within the depletion region by the passage of radiation will be 
swept out of the depletion region by the electric field, and their motion constitutes 
an electrical signal. Lithium ion drifting has been applied in both silicon and 
germanium crystals to compensate the material after the crystal has been grown. 
The lithium atoms are small enough to migrate through the germanium crystal 
lattice and they become trapped at the p sites, donating their one electron to the 
bond at that point. Thus an intrinsic semiconductor is gradually formed in the p- 
type region. When the electrical resistance is sufficiently high, the germanium 
crystal is cooled to liquid nitrogen temperature to fix the lithium in position.
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The lithium drifted germanium and silicon detectors are commonly referred to 
as Ge(Li) and Si(Li), respectively. These kind of materials are p-type detectors 
which trap electrons from the conduction band. In most applications the lithium 
drifted germanium detector is better than the lithium drifted silicon detector. At 
high energies the depletion layer of silicon necessary to fully stop a particle 
becomes difficult to achieve as it has to be thicker. Germanium also requires 
slightly less energy for the formation of an electron hole pair which would lead to 
slightly better resolution. Germanium detectors have the advantage of higher 
efficiencies; almost a factor of 50 over that of silicon.
Radiation
n-region
p-n junction
Depletion layer 
p-region
— *1 *K A /"
Output pulse
Figure 2.10. Semiconductor junction detector
2.12.1.1. High purity germanium detectors (HPGe)
The operation of a semiconductor depends on having either an excess of 
electrons or holes, as used by n-type and p-type detectors, respectively. These 
electrons and holes result from the rupture of the covalent bonds by absorption of 
heat or light energy.
High pure germanium is available in two types, p-lype and n-type. P-type HPGe 
detectors are the most common type. The n-type detectors have few advantages over 
the p-type such as resistance to neutron damage and the ability to cover a wide 
range of gamma energies. Since electrons are the main charge carriers in an n-type 
detector they are not easily trapped by the hole trapping centres created by neutron 
damage. The HPGe detectors do not need to be stored at low temperatures, but 
operation at low temperatures is desired for noise reduction and better resolution.
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2,12.2, Scintillation Detectors
There is a broad group of solid, liquid and gaseous detectors that respond to 
radiation by the emission of light. In a scintillator some fraction of the energy 
deposited by ionising radiation is converted into light. A photomultiplier is then 
needed to convert the light pulse into an electrical pulse which is then amplified by 
a pre-am/amplifier setup. The desired properties in a scintillator include:
• high efficiency for detection of the radiation,
• high light output for good energy resolution,
• fast light output, for fast counting capability and good time resolution.
Solid organic or inorganic, primarily alkali halides, such as Nal, Csl, Lil and
ZnS, crystal scintillators have been widely used in detectors primarily designed for 
surface contamination monitoring.
The most common scintillation detector is the Nal(Tl). However, when a 
complex energy spectra is involved, this kind of detector does not offer good 
resolution.
2.12.2.1. Inorganic crystal scintillators
Inorganic crystals consist of individual atoms bound together in a lattice by 
forces between their outer shell, or valence electrons. Alkali atoms give up their 
extra outer electron to complete the outer shell of halide atoms, and the structure 
then consists of positive alkali ions bound to negative halide ions in a square three 
dimensional array. In individual atoms the atomic electrons occupy well defined 
energy levels. However in a cluster of atoms, in a crystal lattice, the mutual 
interactions between the valence electrons cause their collective energy levels to 
merge into a wider energy valence band. This band includes the levels of all valence 
electrons in the crystal. Electrical conduction in an inorganic crystal occurs when 
the valence electrons receive additional energy by an ionizing event, and are 
removed from the valence band, in a manner analogous to ionization in a single 
atom. Subsequently electrons enter the conduction band, in which they can move 
freely, apart from lattice interactions, throughout the crystal. The energy gap 
between the valence and conduction bands in a perfect crystal of a pure substance, 
represent a forbidden region analogous to the forbidden regions between electronic
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energy levels in a single atom. The valence band is normally completely filled with 
electrons that bond the atoms together in the crystal lattice. The conduction band 
may or may not contain free electrons, depending on the magnitude of the energy 
gap separating the two bands and the temperature of the crystal. When the electrons 
de-excite and return to the valence band, the potential energy released can be 
emitted as light. However, the quantum energy of this light is greater than the band 
gap energy and it is strongly absorbed. Since some of the transactions are without 
radiation (giving rise to local thermal excitation) the scintillation light has only a 
low probability of emerging.
The situation can be improved by adding suitable activator atoms. These 
activator atoms act as luminescent recombination centres and increase the proportion 
of scintillator light emitted compared to the number of radiation less recombination 
events. The amount of scintillator's light emitted is measured using a 
photomultiplier tube.
Sodium iodide and other alkaline halide crystals are perhaps the best known 
class of inorganic crystalline scintillators. Thalium activated sodium iodide, 
Nal(Tl), crystals comprise the most widely used type of scintillation photon detector 
having a high detection efficiency for gamma rays through its iodine content (Z = 
53^
2.72.2.2. Organic crystal scintillators
Organic crystal scintillators, such as anthracene, contain benzene ring type 
molecules which are capable of resonating. The excitation produced in the solvent 
by the nuclear radiation is quickly transferred to the solute before quenching can 
occur. This excitation energy is thus degraded and trapped by the solute and is 
subsequently radiated as fluorescent radiation characteristic of the solute. The 
mechanism of the process depends on the nature of the scintillator, including the 
type and concentration of the solute. The mechanism also includes migration, 
sensitized fluorescence, photon emission and reabsorption. The efficiency of a 
liquid scintillator can be improved by the addition of wavelength shifters. These 
substances are fluorescent materials which alter the spectrum produced by the main 
solute to a longer wavelength in order to match the photomultiplier tube spectral 
response.
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2.12.2.3. Liquid Scintillation Counter
Liquid scintillator counters are used to detect the energy of particles, but they 
are very limited when used as discriminative counters. Since beta particles have a 
continuous spectrum, chemical methods of separation should be used prior to 
analysis of the radionuclide of interest.
Strontium undergoes the following beta decay:
%Sr — ^  coy — 902r 
11^=28 y  t i ^ = 6 4 h  
fi =  5 4 6  k e V  B =  2 2 8 8  k e V
As can be seen from the half lives, strontium and yttrium exist in secular 
equilibrium, which means that the rate of decay of the daughter nuclei (^^Y) is 
equal to the rate of decay of the parent nuclei (%r).'®3 The equation of secular 
equilibrium can be used to compare two genetically related materials of which the 
second has a much shorter half life. The Bateman equation'®'* describes the growth 
and decay of the respective isotopes:
A -, - A
where, N, =  initial number of unstable parent nuclei,
N., = number of unstable daughter nuclei present at time t,
\  and X, are the decay constants of the parent and the daughter, 
respectively.
The growth in activity of the daughter to equilibrium, assuming none is present 
at time t = 0 , is given by:
Ai = A q ( 1 - e ~ ^
where Ag = activity of parent
A, = activity of daughter
After equilibrium has been reached, the activities of^Ogr and *^^ Y become equal 
and the net activity is double that of the original 90$r activity. Once again the 
method can be used to determine many radionuclides, but with previous sample 
separation. It is clear that, once has been separated from ^Ogr it will decay with
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a half life of 64 h o u r s .  *®5 in this work a preliminary study was carried out in order 
to evaluate the background of the liquid scintillator facility in the Biochemistry 
Department. Since this instrument is used for general research work, the 
background levels of the instrument were very high (more than 1 0 0  cmp), therefore 
it was inappropriate for a low counting beta measurements. Taking this problem 
into consideration, samples were sent to the University of Manchester for the 
analysis of ^®Sr. The instrument used was a Tri-Carb liquid scintillation analyser 
model 2200CA (Packard Canberra Company, U.S.A.). It was calibrated using a 
^®Sr standard reference material from the National Physics Laboratory SR 95 
containing an activity of 100 Bq.
2.13. Gamma Ray Spectroscopy
Gamma ray analysis is a well established radioanalytical technique. Many 
radionuclides emit gamma rays with characteristic energies, which enable 
radioactive material to be identified and quantified with a high degree of selectivity 
and sensitivity. Gamma rays are not easily absorbed, therefore bulk materials can be 
analysed with minimum pretreatment.
Identification and analysis of radionuclides with long half lives is more sensitive 
than that of short half lives. Caesium-137 undergoes beta and gamma decay. 
Therefore, gamma ray spectroscopy is used to quantify these events, and thus 
determine the radionuclide activity. The decay mechanism is as follows:
'3?Cs — ' 37mBa — i 3?Ba 
t,^=30.1 y t.^=2.55 min 
7=662 keV
2.13.1. The Gamma Spectrometer System ND66
The detector used in the determination of *^^Cs radioactivity is a Ge(Li) 
semiconductor. It is encased in an aluminium cryostat and mounted above a liquid 
nitrogen dewar. The immediate area surrounding the cryostat and sample are 
shielded in lead bricks and a lead castle to minimise detection of background 
radiation. Connected to the Ge(Li) via a pre-amplifier/main amplifier is an ND 6 6  
Multi Channel Analyser (MCA). This MCA is able to collect output pulses from the 
detector and store them in a solid state memory, giving a histographic display,
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representing a pulse-height spectrum of counts for each channel number from 0  to 
4096. To facilitate calculations, net-count and count rate, the ND 6 6  has two internal 
packages. These are the automatic peak search package (APSP), and the automatic 
nuclide identification package (ANIP).^°^ Data from the ND 6 6  can be transferred 
either to a BBC microcomputer or to a main frame computer. The BBC has a 
programme to display the full energy peak counts as a function of channel number 
and energy.
The Ge(Li) detector was connected to a Camberra 2002 CSL pre-amplifier. The 
pre-amplifier was connected to a Camberra 3105 high voltage power supply, set to 
+3500 volts and a Camberra 2022 amplifier with a 4 /xs shaping time. The unipolar 
output of the amplifier was then connected to the ND 6 6  MCA system. The 
amplifier fine gain was set at 11.9 V, leading to an energy coverage of 0-1600 keV 
over the 4096 channels. A schematic diagram of this set up is shown in Figure 
2 . 11.
M C AD etector Preamplifier
P ow er Supply D ata Storage
Linear Amplifier
Figure 2.11. A schematic diagram of the Ge(Li) detector set up.
2,13.2. Automatic Peak Search and Nuclide Identification Packages
The automatic peak search package and the automatic nuclide identification 
package were used to identify all peaks which are significantly different from the 
background. In order to be significantly different from the background peaks must 
be greater than two standard deviations of the background. These packages also 
provide details on peak energy, area, background area, full width at half maximum, 
count-rate and percentage error (see Appendix 1 for a sample print out).
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The ANIP determines the radionuclides present and their activity by comparing 
the gamma ray energy and its corresponding peak area to radionuclides archived in 
its own library.
The system gain is adjusted to give a channel width of 0,39 keV per channel 
corresponding to a gamma ray energy range up to about 1.6 MeV which 
encompasses the gamma rays of special interest, namely 662 keV for ^^^Cs. Table 
2 . 6  shows a list of the radionuclides searched for in biological and environmental 
samples. These radionuclides were selected because they are the longer lived 
gamma emitters released to the environment from any nuclear facility or accident.
Table 2.6. Radionuclides which have been reported for environmental and 
biological studies and which are included in the library of the computer.
Radionuclide E ,
(keV)
H alf life  
(days)
Interfering
Nuclide
E ,
(keV)
Co-57 122 271 .8 Ra-223 122
Ce-144 134 284 .5 Co-57 136
Ce-I41 145 32.5 U-235 144
1-131 364 8.0 - -
Ru-103 497 39.3 Ba-131 496
Cs-134 605 754.2 lr-192 604
Rii-106 622 372.6 Ag-110m 620
Cs-137 662 10958 - -
Zr-95 724 64.1 Sb-124 723
Zr-95 757 64.1 - -
Nb-95 766 35.0 Ag-110m 764
Cs-134 795 754.2 Tl-210 795
Co-58 811 70.1 - -
Mn-54 835 312.5 Ac-228 836
Zn-65 1116 243 .9 - -
Co-60 1173 1925.5 - -
Co-60 1333 1925.5 - -
2.14. Absolute Full Energy Peak Efficiency and Energy Calibration
In order to determine the activity of a sample, the absolute full energy peak 
efficiency of the detector (£ahs) a function of photon energy must be measured. 
The full absolute energy peak efficiency is defined as:
£ . . ,= “ >‘ 1 0 0 %
^^7
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where t] is the count rate in the peak,
t is the counting time (seconds),
A is the activity of the source (Bq),
is the fractional gamma photon yield per disintegration.
The evaluation of the absolute full energy peak efficiency was carried out over 
the range energy of 121.8 to 1408.0 keV, by using an ^^^Eu standard source with 
an activity of 4.23 ±  0.41 juCi, which was made up in 0.1 M HCl to a final volume 
of 400 ml with deionised water. The experimental data and the values of the 
efficiency produced by the fitting are listed in Table 2.7. An efficiency curve 
derived from this data enables the efficiency for any gamma rays in this range to be 
found. Figure 2.12 shows the experimental values obtained for the absolute full 
energy peak efficiency. The fitting of the experimental data was carried out by 
using the following non linear function;’®'^
a^bs = E)"- + cii exp( ~a-i E) +a ■ Qxp{~cuE) + ciy Qxp(-chE)
where a, =  109.97, a  ^ =  0.78,
a^  =  117.35, a  ^ = 5.12,
a^  =  11.38, a^  — 0.68,
a  ^ =  0.03, ag = 0.92
Table 2.7. Absolute full energy peak efficiency for the ND 6 6  detector
Energy
(keV)
Experimental 
e„hs (%)
Fitted
(%)
1 2 L 8 0.89 ±0.099 0.92
244/7 0.60 +0.067 0.54
344.3 0.45 +0.051 0.41
411.1 0.34 ±0.038 (136
444.0 0.32 +0.036 0.34
778.9 0.21 +0.023 0 . 2 2
867/4 0.18 ± 0 . 0 2 1 0 . 2 0
964.1 0.18 ± 0 . 0 2 0 0 J 9
1085.9 0.16 ±0.017 0.17
1112.9 0.16 ±0.018 0.17
1212.9 0.13 ±0.15 0 J 6
1299.1 0.14 ±0.015 0.15
1408.0 0.13 ±0.014 0.14
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Accurate energy calibration should involve a standard source with gamma ray 
energies that are not widely different from tiiose to be measured in the known 
spectrum (Table 2.8). Since even the best spectrometer system often shows non 
linearities of a channel or two over a full range of several thousand channels, it is 
useful to have multiple calibration peaks at various points along the measured 
energy range to account for these non linearities (energy calibration).
1.2
§ 0 . 9  -
g.0 . 6  -
S  0.3 -
0 200 400 600 800 1000 1200 1400Energy (keV)
Figure 2.12. Experimental and fitting values of the full energy peak efficiency for
the ND 6 6  detector.
The energy scale was calibrated using similar procedures as for the absolute full 
energy peak efficiency determination. A calibration curve relating energy to channel 
number was plotted (Figure 2.13).
Table 2.8. Energy calibration using a source of ^^-Eu source
Nuclide E
(keV) P7
Background
Counts
MDL  
Bq kg-1 (2a)
FEP 
Bq kg '
Co-57 122 0 .86 0 .92 . 1505 0.49 115.8
C e-144 134 0.1 1 0 .86 1487 5.10 13.9
Ce-141 145 0 .49 0.81 1387 0.79 5 T 8
M 3 1 364 0 .82 0.39 339 0.61 47.8
Ru-103 497 0.91 0.31 215 0.55 4 2 .0
Cs-134 605 0.98 0.27 155 0.56 39.0
Ru-106 622 0 .10 0 .26 152 5.40 3.9
Cs-137 662 0 .85 0.25 272 0.71 32.0
Zr-95 724 0.44 0.23 140 1.25 15.3
Zr-95 757 0 .54 0 .22 126 0.96 18.2
Nb-95 766 1.00 0.22 112 0.54 33.1
Cs-134 795 0.85 0 .22 112 0 .64 27.4
Co-58 811 0 .99 0.21 92 0 .54 31.6
Mn-54 835 1.00 0.21 116 0 .58 31.1
Zn-65 1116 0 .50 0 .17 94 1.17 12.5
Co-60 1173 1.00 0.16 70 0.63 24 .0
Co-60 1333 1.00 0.14 51 0.57 21.8
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where is the yield of the specified gamma ray per disintegration 
e^yg(E) is the absolute full energy peak efficiency (%)
MDL is the minimum detection limits corresponding to 2a  above the 
background
FEP is the number of counts in the full energy peak equal to 1 Bq kg'*
I
i5
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0.0 4000.03000.02000.01000.00.0 Channel number
Figure 2.13. Calibration curve (energy vs channel number) of the ND 6 6
For characterizing the sensitivity volume of a coaxial germanium detector, 
manufacturers often quote the e for 1332 keV photons of ^°Co relative to the 
corresponding efficiency of a Nal(Tl) crystal = 1.2 x l0 ‘^), 7.62 cm in 
diameter and 7.62 cm in length, at a source detector distance of 25 cm. From a 
measurement with a ^°Co standard source of activity A positioned at a distance.of 
25 cm from the detector endcap, the relative efficiency on the detector is given as:
N
TAc = (183x10'Niil
N
TA
where N is the number of counts in the 1332 keV peak accumulated within the 
measuring time T.
The measured value of the relative efficiency of the detector is 14.5 %. The 
manufacturer specifications quote a value of 17.2%. This discrepancy may be due 
to uncertainty associated with the activity of the ^^^Eu calibration source and also 
due to variations in source positioning.
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2.15. Resolution
Energy resolution (R) of a detector is the measure of its ability to distinguish 
between radiation of very close energies. It is conventionally defined as the FWHM 
(full width at half of the maximum peak height) divided by the location of the peak 
centroid (H J.
R = FWHMH .
The resolution for Ge(Li) detectors is usually specified for ^°Co using the 1332 
keV gamma ray. In the case of the ND 6 6  the resolution is 1.89 keV (using a bias 
voltage of -4000 V) at an energy of 1332 keV (Figure 2.14). This compares well 
with the warranted specification of 1.8 keV. Peak shape measurements of the 
detector are: FWHM = 1.93 keV, FWTM =  3.51 keV, and FWFM = 4.9 keV, 
where FWTM is the full width at one tenth maximum, and FWFM is the ratio of 
the full width at one fiftieth to the FWHM.
These values were determined and ratios are FWTM/FWHM = 1.82 and 
FWFM/FEHM = 2.54, these values can be compared to those reported for a pure 
Gaussian distribution (FWTM/FWHM = 1.823 and FWFM/FEHM = 2,376). It is 
important to emphasize that the resolution will vary if a different bias voltage is 
used.
dNdH
Y/2 FWHM
H.
Figure 2.14. Curve showing the definition of resolution
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2,16. Detection Limits and Counting Procedure
The background measurements were recorded over 8  hours using a standard 
polythene container filled with 400 ml of deionised water. Table 2.8 lists the results 
for three background readings (section 2.14).
The minimum detection limit (MDL) is the smallest amount of sample activity 
that will yield a net count sufficiently large to imply the presence of a radionuclide. 
In this work the MDLs were calculated as twice the standard deviation (2a) of the 
background (BG).
MDL =  -------—FEP / Bqkg'l
The values for the minimum detection limits are listed in Table 2.9.
For the gamma ray analysis, samples were placed in pre-weighed polythene 
bottles to a level corresponding to 400 ml and the net weight was recorded. A 400 
ml aliquot has been found to be the optimum volume to u s e . B e y o n d  this self 
absorption in the sample becomes high and cannot be neglected. Furthermore, the 
inverse square law of distance takes effect as additional sample is added. Samples 
were placed within the lead castle and rested directly upon the detector window, 
thus minimising the contribution from background radiations. In order to have a 
constant geometry between the samples and the detector, the samples were sited in a 
cylindrical lead castle with a central hole, which ensures a constant positioning of 
the source directly above the detector window during each count. Each sample was 
counted for 8  hours. The sensitivity parameter of the ND6 6  was set to 3.0 and a 
printout was obtained of the detected gamma ray peak. The peaks were 
subsequently corrected for background and the net counts converted to activity per 
unit mass.
2.17, Calculation of the Activity
In order to evaluate the specific activity of a radionuclide in a sample, a 
conversion factor relating the number of counts in a full energy peak corresponding
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to a radionuclide concentration of 1 Bq kg'^, must be calculated. This factor is
given by the following relation:
FEP/Bq kg-i =  0.4 x P^x 8 (E) x 28800
where the factor 0.4 refers to an average sample mass of 0.4 kg,
Vy is the fractional gamma ray yield per disintegration,
8 (E) is the absolute full energy peak efficiency of the detector at energy E,
the factor of 28800 is the counting time ( 8  hours) in seconds.
The specific activity of a radionuclide is then simply the number of counts in the 
full energy peak of the nuclide divided by the corresponding conversion:
FEPSpecific Activity =  ---------------- rFEP/Bqkg"*
If necessary a weight correction factor (W^) can also be applied:
W(. =  0.4/Wg
where Wg is the sample weight.
2.18. Quality Control for the ND6 6  Gamma Spectrometer Detector
In order to evaluate the accuracy of the ND 6 6  gamma spectrometer detector, 
different reference materials were analysed, namely. A-14 Milk powder, IAEA-321 
Milk powder, IAEA-152 Milk powder, IAEA-156 Clover and SOIL-6 . All standard 
reference materials were purchased from the International Atomic Energy Agency 
(Vienna, Austria). The results are presented in Table 2.9. Figures 2.15 shows the 
gamma ray spectrum of IAEA-152 reference material.
Table 2.9. Quality control evaluation of Standard Reference Materials
Recommended Values 
(Bq k>r-‘)
This Study 
(Bq ku-'l
SRM I34cs '37Cs
IAEA-321 2.88  ±  0 .7 64.7  ±  1.5 - 63.4
IA E A -152 101.5 ±  42 1854.3 ±  76 103.7 1878.4
A-14 - 1.6 ±  0 .17 - 2 .2
Soil-6 - 41.7  ±  2 .2 - 3 6 ^
IA E A -156 12.53 ±  5.7 224.7  ±  10 17.4 188.8
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Figure 2.15 Gamma ray spectrum of IAEA-152 reference material.
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As can be seen from the results, some of the experimental values are very close 
to the certified values, such is the case of SRM-IAEA-152, and SRM-IAEA-321. In 
the case of SRM-Soil-6 , the values obtained for *^^Cs is lower than the reported 
value, this may due to self absorption of the soil. The values for SRM-A-14, the 
values ai*e very close to the detection limits of the detector, so that the error 
increases at this level. In the case of the levels in IAEA-321 and IAEA-156
are very close to the minimum detection limits resulting in poor results.
One of the aims of this work is to recognize possible relationships between the 
deposition of fission products and the extent of dietary contamination. To ensure 
planning safety procedures in the nuclear energy industry, on to prepare measures to 
deal with emergencies, and to advise populations which kinds of diets to avoid, 
some of the recommended limits for foodstuffs are reported in the following 
section.
2.19. Siiinmary of Gamma Ray Spectrometry Conditions
In summary, the optimum conditions found for the gamma ray analysis were as 
follows:
The use of 400 ml of sample and a period of 8  hours counting time. In general, 
the analysis of various standard reference materials (A-14 Milk powder, IAEA-321 
Milk powder, IAEA-152 Milk powder, IAEA-156 Clover and SOIL-6 ) showed a 
good agreement for certified values. Therefore, it shows that the ND 6 6
gamma ray detector can be used to asses the presence of radionuclides in biological 
and environmental samples at a very low activities. Taking this into account, 
samples which constitute the basic diet were collected from Mexico, namely beans 
and milk. Other samples were collected nearby a nuclear reactor, Laguna Verde. In 
the next chapter, all these samples will be analysed using gamma ray spectrometry.
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Chapter 3
3 . Th e  Sep a r a t io n  o f  C a e s iu m , St r o n t iu m  and  Yt t r iu m  U sin g  Io n
E x c h a n g e  Ch r o m a t o g r a p h y
It is important to use preliminary sample preparation in order to obtain reliable 
measurements of radionuclides, especially when they are not monoenergetic. Such 
is the case of ^^Sr which is a beta emitter, therefore its separation from other 
radionuclides is necessary prior to analysis. Preconcentration for those elements that 
are present in very small concentrations (i.e. is also required. This will be
undertaken using ion exchange chromatography as described in the following 
sections.
3.1. Ion Exchange Chromatography
The first materials which were used as ion exchangers were pure minerals such 
as zeolites and clays. Unfortunately these aluminosilicates were not chemically 
stable and tended to dissolve in alkaline solutions. Therefore they were not very 
practical for the analytical separation of metal ions.
In 1934 Adams and Holmes^ discovered that some synthetic polymers with 
ionic functional groups, as an integral part of their structure, could be used as ion 
exchangers. Such polymers may show cationic or anionic exchange properties.
3.1.1. Constitution o f  Resins
Ion exchange resins may be considered as insoluble acids or bases which also 
form insoluble salts. They consist of cross linked hydrocarbons containing ionizable 
groups. Cation exchange resins contain groups such as, SO3 H, COOH, OH and SH. 
Anion exchange resins contain quaternary groups and NHn, NHR, NRo, NRs"^ (R 
=  alkyl group). The constitution of the matrix is of great importance with respect to 
the chemical and thermal stability of the exchange resin.
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If the functional group is a strong electrolyte (SO3 H), the resin is completely 
ionised in a wide pH range. Therefore, these types of resins have more applicability 
than those containing other functional groups, which are only dissociated in neutral 
or basic media. Hence, according to the extent of dissociation these resins are 
classified as strongly or weakly acidic.
The behaviour of these resins is determined essentially by the constitution of the 
matrix and by the number and nature of the ionizable groups. The cross linking of 
the matrix and the number of hydrophilic groups have a significant influence on the 
swelling properties of the resin, which determines the mobility of the ions and 
consequently the rate of exchange and other kinetic properties.
3.1.2, Preparation o f Ion Exchange Resins
Since resins based on cross linked polystyrene are now generally employed in 
most laboratories and their properties depend in part on the structure of the cross 
linked polystyrene, their method of preparation will be described in this section.
3 .1 .2 J . Cross linked polystyrène
Styrene will polymerise under a variety of conditions to give polystyrene, a 
linear polymer of high molecular weight which is soluble in aromatic and 
chlorinated solvents. The structure is shown in Figure 3.1.
cn =  CH^
r i l  -
Figure 3.1. Cross linked polystyrene
The styrene monomer can be polymerised alone, in solution, or as an emulsion. 
The rate of polymerisation increases very rapidly with a rise in temperature, or by 
using catalysts. For the preparation of ion exchange resins, a copolymer of styrene 
and divinylbenzene (DVB) is usually employed. If styrene, containing a small
8 1
proportion of DVB, is allowed to polymerise, a three dimensional polymer network 
is formed, in which polystyrene chains are linked together at intervals by DVB units 
which have been incorporated into two polymer chains (Figure 3.2).
C l l   CH C H  G I I  C H  -------  C H ---------C H  ---------G It -
0 >  O
Q) 1 0
Figure 3,2. Preparation of cross linked polystyrene
The copolymer obtained will not melt and is insoluble in all solvents; it will 
swell in organic solvents, such as benzene or toluene, but not in water or aqueous 
solutions. The mean particle size and distribution of the copolymer are determined 
mainly by the degree of mechanical agitation employed in the preparation of the 
suspension, the viscosity of the solution, and the nature of the suspension stabiliser. 
If the proportion of DVB is reduced to about 0.1% a soluble polymer is formed. 
With increased cross-linking the solubility is greatly reduced. Increased cross 
linking also reduces swelling and porosity and enhances the rigidity of the resin. 
The degree of cross linking is defined in terms of the percentage of DVB added 
during polymerisation i.e. BioRad AG 50W-X8 means BioRad 50 with 8  % DVB.
3.1.3. Strongly Acidic Cation Exchange Resin: BioRad AG 50W-X8
Among the cation exchangers the most important are those containing sulphonic 
acid groups (SO3') as the fixed ions. These kind of resins are prepared by the 
sulphonation of a copolymer consisting of polystyrene cross linked with DVB 
(Figure 3.3). The resin used in this work (BioRad AG 50W-X8 analytical grade) 
belongs to this type of resins.
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C l l   C H ^  C l l   C H g  C I I  C H ^   C H  C H    Ç H
o o o D> o
C H g   C H  C H -
HzSO,
Cl l   C H ^  C l l  C H g  C l l  C H g   C H  C H    Cl l
o
S0 3 H SOgH SOgH ^ ^ 3 " "Yo^H
C H g  C H  C H ^ --------
Figure 3.3. Preparation of a strongly acidic cation exchange resin
The sulphonated polystyrene resins are very stable, both physically and 
chemically. They can be used at temperatures up to 120®C and are resistant to 
concentrated acid, alkalis and most oxidising and reducing agents. In the case of the 
BioRad resin, it is thermally stable up to ISO'^C, and it also oxidises slowly in hot 
15 % HNO 3 .
3.1.4, Propeflies o f  Ion Exchange Resitis
3.1.4.1. Swelling
When the ion exchange resin is surrounded by a dilute solution, the ion 
concentration inside the resin bed is much higher than in the solution. There is also 
a considerable osmotic effect attempting to decrease the internal concentration by 
taking up solvent, which results in a swelling of the resin.
The degree of swelling in a resin is determined mainly by the nature of the 
exchangeable ions, the composition of the resin (particularly the degree of cross 
linking), the nature and concentration of functional groups.
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3.1.4.2. Selectivity
An important property of ion exchangers is their ability to take up certain ions 
in preference to others. The affinity between a resin and exchangeable ions is a 
function of both the ion and the resin.
If an aqueous solution containing two different exchangeable ions is brought into 
contact with an exchanger, then when equilibrium has been established, the ratio of 
the two ions in both phases will depend on several factors such as the nature of 
exchanging ions and the solution. The detailed mechanism by which these factors 
operate are not yet fully understood. However, enough is known to make use of 
them in predicting ion exchange equilibria in a qualitative way. For a cation resin 
the ion exchange equilibrium process can be represented by the equation:
nR-H+ + M"+ -> (R-)nM"+ + nH+
where R represents the resin matrix.
The selectivity coefficient or equilibrium constant (K) is given by:
K = [M”+]k[H+]‘^ / [M':+][H+]"„
where and [H''']”r are the concentrations of the exchanging ion and the
hydrogen ion within the resin structure. Therefore, the greater the affinity for a 
particular ion relative to hydrogen, the greater the value of K. Table 3.1 shows the 
relative selectivities for various ions for BioRad AG 50W-X8 resin. In general, the 
lower the selectivity of the ion the more readily it exchanges for another ion of like 
charge.
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Table 3.1. Relative selectivity of various ions for BioRad AG 50W-X8 resin.
Ion Selectivity Ion Selectivity
H+ 1 . 0 0 Mg2 + 2.50
Li+ 0.85 Ca%+ 3.90
Na+ 1.50 Sr2 + 4.95
K+ 2.50 Ba-+ 8.70
Rb+ 2.60 Hg2+ 7.20
Cs + 2.70 Pb^+ 7.50
The distribution of ions between an ion exchange resin and solution may depend 
on several factors, such as, the nature of exchanging ions, the nature of ion 
exchange resin and the nature of the solution.
3.1.4.2.1. Nature of exchanging ions
With respect to the nature of exchanging ions, their charge, size, polarizability 
and hydration are factors which most affect the selectivity. In Table 3.2 some of 
these properties are shown for S.r, Y and Cs.
Table 3.2. Physical properties of the elements
Element Atomic Polarizability
Number (units of lO'-"* cnF)
Sr 38 27.6
Y 39 22.7
Cs 55 59.6
(i) Charge
In dilute solution ions with a high charge are more strongly retained than 
univalent ions. For the BioRad AG 50W-X8 resin, retentions are in the order Os'** 
<  Sr^+ < y3+.
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(ii) Size
The selectivity of ions increases with an increase of the atomic number in the 
same periodic group. For ions of the same valency but different periodic groups, 
selectivity is approximately related to their activity coefficients; the greater the 
activity coefficient, the greater the exchange potential. The activity for CsCl is 
0.756 and for SrCl2  is 0.511. Therefore, it can be seen that due to its activity 
coefficient and atomic number caesium will be more selective than strontium.
(iii) Polarizability and hydration
Substances will be eluted from a column in order of polarity, the least polar ions 
being eluted first. In general, the lower the ion's degree of hydration, the more 
strongly it will be absorbed. As can be seen from Table 3.2, the order of elution 
will be Cs, Sr, and finally Y.
3.1.4.2.2. Nature of the solution
When an exchangeable ion in the solution phase forms either a weakly 
associated aggregate or a complex with the ions involved in the exchange, they will 
be less selected in the exchanger phase simply from a lowering of its activity in the 
external phase. Exchange equilibria will be affected not only by the degree of 
complex formation but also by the ionic charge of the complex formed. Such 
phenomena have contributed greatly to the practical use of ion exchange resins 
especially in the field of chromatography.
A similar effect will be encountered when the counter ion is precipitated in the 
solution phase, but inhibition of the ion exchange process itself may occur if 
precipitation takes place on the surface of the exchange material.
The various factors outlined above play a major role in the determination of 
selectivity. Depending on the actual circumstances, some play a greater part than 
others. It is the net result of these that governs ion exchange equilibria.
In summary, the characteristics of the BioRad AG 50W-X8 resin setup will 
influence the separation and/or concentration of Cs, Sr, and Y from samples. These 
include depth of the resin, flow rate, capacity, etc. In the following sections the 
evaluation of these parameters is presented.
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3.2. Preliminary Treatment of the Resin
The analytical performance of any cation exchange resin is influenced by the 
presence of impurities, such as, electrolytes or trace elements. In order to ensure 
that the resin was free of any possible impurity, the first step of each experiment 
was the washing of the resin using the following method.
BioRad AG 50W-X8 resin was thoroughly mixed with 200 ml of deionised 
water. After washing the resin any turbid supernatant solution was decanted and the 
procedure repeated. The resultant resin slurry was poured into a glass column (20 
cm length and 1 0  mm internal diameter) which had been primed by half filling with 
deionised water. It is important to emphasise the use of deionised water, otherwise 
the resin may pick up other ions. After addition the resin settles to form a bed at the 
bottom of the column (supported by a glass wool pad), and any excess water is 
drained off through the overflow. Care should be taken to ensure that the level of 
deionised water does not fall below the top of the resin bed, otherwise air bubbles 
will be trapped in it thereby introducing problems with channelling. After washing 
with deionised water, 50 ml of 6  M HCl was used to ensure removal of any metallic 
impurities absorbed onto the BioRad AG 50W-X8 resin.
3.2.1. Optimum Conditions fo r  the Column
In order to select the optimum conditions for the column the following studies 
were carried out.
3.2.1.1. Depth o f the Resin.
Columns were packed with different depths of the BioRad AG 50W-X8 resin, 
namely 1.25, 2.5, 3.75, 5.0 and 7.5 cm (1, 2, 3, 4, 5 and 6  g respectively), then 
rinsed with 50 ml of deionised water. Each column was washed with 10 ml of 4 M 
HCl and the time of elution or flow rate recorded. The results can be seen in Figure
3.4.
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Figure 3.4. Flow rates at different depths of the column for BioRad AG
50W-X8 resin.
A linear relationship exists between flow rate of the HCl eluant (time/min) and 
the depth of the resin (cm) showing that for this column system increasing the 
column volume of resin or capacity from 1.25 to 7.5 cm significantly influences the 
flow rate.
3 .2 J .2 . Recoveries
The efficiency of the separation process by using different resin depths was 
evaluated by measuring the recoveries for Cs, Sr and Y. The recoveries were 
evaluated by using ICP-MS analysis for the different depths (1.25, 2.5, 3.75, 5.0 
and 7.5 cm) of the BioRad AG 50W-X8 resin, by eluting 1 ml of Cs, Sr and Y at a 
concentration of 1 jug ml \  using 50 ml 4 M HCl as the eluant. The following 
recoveries were observed: 82, 85, 8 6 , 87 and 8 6  % for Cs, 83, 92, 94, 97 and 98 
% for Sr and finally 89, 90, 91, 91 and 92 % for Y (Figure 3.5) for the respective 
resin depths. The final recovery concentrations were calculated as follows: in the 
case of caesium, 1 jug of Cs was diluted to 50 ml with acid, therefore, the 
concentration of Cs is 20 ng ml’^  from this solution an aliquot of 1 ml was taken 
and diluted to a final volume of 5 ml, resulting in a concentration of 4 ng ml’F All 
recovery calculations were based on these figures.
1 jL/g / ml 1 ml
50 ml 5 ml = 0.004 fjg = 4 ng
From the results in Figure 3.5 it can be seen that the best recovery was obtained 
with a resin depth of 7.5 cm ( 6  g) for all three elements. However it takes 
approximately 17 minutes to elute the total volume (50 ml as preliminary studies 
showed), in other words the process is time consuming. Therefore it was decided 
that 2.5 cm of resin was optimum, giving 85, 92 and 90 % recovery respectively 
for Cs, Sr and Y, since this was a compromise between time (which is important 
when handling radioactive materials) and recovery.
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Figure 3.5. Percentage recovery of Cs, Sr and Y versus depth of the resin
(BioRad AG 50W-X8).
These studies were carried out by a normal elution procedure, involving gravity. 
There was still the problem of excessive elution periods and also the tailing of 
elution peaks as shown in Figure 3.6. Therefore, it was decided to use a peristaltic 
pump in an attempt to overcome these problems. The How rate was re-evaluated by 
using different pump speeds.
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Figure 3.6. Elution curves of Cs, Sr and Y showing the tailing of the peaks (no 
peristaltic pump), using 2.5 cm of the BioRad 50 AG W-X 8  resin.
3.2.1,3, Flow Rate.
A peristaltic pump was connected to the column outflow tube so that the mobile 
phase flow rate could be increased over the range of 1.2 to 10 ml min'k The same 
procedure was used as in the determination of recoveries in the previous section 
(3.2.1.2). The summary of these results are shown in Table 3.3.
Table 3.3. Flow rate using different speeds of the peristaltic pump.
Pump
speed
Flow rate 
(ml mi IT*)
1 . 0 1 . 2
1.5 2 . 0
2 . 0 2.5
3.0 2.7
3.5 2.9
4.0 3.1
4.5 4.8
5.0 6.3
6 . 0 7.1
7.0 7.7
9.0 1 0
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The Sr recoveries were evaluated for three different flow rates, namely 2.0, 7.1 
and 10 ml min"^ (pump speed 1.5, 6  and 9 respectively) after the addition of 1 fig 
Sr to each column. The elution peaks can be seen in Figure 3.7. The results show 
that the higher flow rates cause a broadening of the elution curves and thus an 
increased overlap of the curves for the ions to be separated. A possible reason for 
this is that the contact time of the elution process was insufficient, resulting in poor 
efficiency, which means that tlie ions are carried at a faster rate down the column 
giving them less time to diffuse into and through the resin particles. Consequently, 
they are prevented from reaching all exchanging groups. It can also be seen that the 
flow rate has little or no influence upon peak elution volume, i.e., the position of 
the maximum of the elution band. The recoveries obtained were 92, 89 and 84 % 
respectively. It was decided to use 2.0 ml miiT* (pump speed 1.5) since this gives 
the best peak resolution and recovery.
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Figure 3,7. Elution curves of Sr using the BioRad AG 50W-X8 resin at 
different speeds of the pump.
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3.2.1,4. Determination o f  the BioRad AG S0W-X8 Resin Capacity
Ion exchangers are characterised in a quantitative manner by their capacity, 
which is defined as the number of exchangeable counter ions per specified amount 
of ion exchanger. The common units used are meq g’* dry or Cl“ form. Strong 
acid and strong base groups are by definition, completely ionised under any 
conditions, thus the capacity of resins with such groups is essentially constant.
Cation exchangers in form and anion exchangers in 0H~ form can be 
considered as insoluble acids and bases. In many respects, they act like their soluble 
counterparts. In particular, they can be titrated with standard bases and acids. In 
such a titration, the ion exchanger remains insoluble, but comes to equilibrium with 
the solution to which the titrant is added, then the capacity can be calculated from 
the amount of titrant added. The capacity of the resin used in this work was 
evaluated as follows;
BioRad AG 50W-X8 resin was washed several times by décantation with 
deionised water. The resin was left in a column to remove any excess water, after 
which it was dried at 110°C in an oven (Galîenkamp), for a period of I hour.
Approximately 5 g of the dried BioRad resin was weighed and then put in a 
funnel, previously set with a filter paper of medium porosity (Whatman, Qualitative 
(No. I), Whatman International Ltd, Maidstone, England). The resin was converted 
to the hydrogen form with 1 litre of 1 M HNO3  and then rinsed to remove the 
excess acid and drained. The resin was again dried for 1 hour in the oven.
A 1.0004 g aliquot of the dried (H+) resin was weighed in to an erlenmeyer 
flask. A 200 ml of standardised 0.1 M NaOH in 5 % of NaCl was added and the 
solution was allowed to stand overnight. It is necessary to have excess sodium 
chloride present, otherwise the rate of exchange will be slow, and a false end point 
may be obtained in the titration. The reaction may be represented as:
H +  NaCI Na +  HCl
Barred formulae refer to ions present in the resin phase.
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Since excess sodium chloride is present the liberated acid is neutralised in the 
titration, as it proceeds to completion. Thus the volume of standard acid required to 
reach the end point (pink coloration to colourless) is equivalent to the hydrogen ions 
initially present in the resin phase.
Three aliquots of NaOH of 50 ml each were titrated to the phenolphthalein end 
point with standard 0.1 M HCl. The remaining resin (2.5554 g) was dried overnight 
at 110®C to determined the solid content.
The average volume of HCl required to neutralise the base was 41.63 ml. The 
capacity was calculated as follows:
VnW = m
where W — capacity
V = volume of tritant (ml) 
n =  normality of tritant 
m = weight of resin (g)
41 6x0 1 Milliequivalents cation exchange capacityW = -----------  =   = 4.161.004 Gram of dry H - form resin
The capacity for the BioRad AG 50W-X8 resin was found to be 4.16 
milliequivalents per gram of resin, which means that only 4.16 meq of the 
exchangeable counter ions (Cs, Sr and Y) can be exchanged when using 1 gram of 
the resin.
In summary, the conditions required for the resins use in the further separation 
of samples were: a 2.5 cm depth of resin (2 g), Bow rate of 2 ml miir^ (speed 
pump 1.5) maintained by using a peristaltic pump.
In order to evaluate the retention times (elution peaks), elution volumes, the 
degree of separation and resolution of the peaks for the different elements, namely 
Cs, Sr and Y, the following experiments were carried out.
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3.3. Retention Times of Cs, Sr and Y Using BioRad AG 50W-X8 Resin
In order to assess the retention times and position of the elution peaks for 
caesium, strontium and yttrium for this BioRad resin, three columns were packed 
using the method mentioned in section 3.2.1.1. A 1 ml aliquot of Cs, Sr and Y at a 
concentration of 1 jug m\~^  was added to each column. Then three different 
molarities of HCl, 2.5, 4.0 and 6  M, were used as a mobile phase to elute these 
elements. The elution peaks obtained (shown in Figures 3.8, 3.9, 3.10) demonstrate 
the versatility of the cation exchange resin.
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Figure 3.8. Elution curves for Cs using different molarities of HCl with the BioRad
AG 50W-X8 resin
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Figure 3.9. Elution curves for Sr using different molarities of HCl with the
BioRad AG 50W-X8 resin
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Figure 3.10. Elution curves for Y using different molarities of HCl with the
BioRad AG 50W-X8 resin
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The results indicate that all three elements eluted more rapidly when 6  M of 
HCl was used, followed by 4 M and finally 2.5 M of HCl. This is because 
increasing the acid concentration increases the elution rate, by displacement of the 
ion exchange equilibrium. As shown in the reaction in section 3.2.1.4. a slight 
excess of hydrogen ions in solution can displace the cations from the resin if acid is 
added. Furthermore, the resin shrinks at higher acid concentrations, causing a 
diminished diffusion velocity of the ions in the network structure of the resin, and 
consequently a faster rate of elution. The increased viscosity of the more 
concentrated acid has a similar in f lu e n c e .A n  increase in peak asymmetry of the 
elution curves indicating a stronger tailing was also observed for increased 
molarities. Tailing is generally thought to be due to either overloading of the 
column or working of the column at nonequilibrium conditions, or both. When the 
equilibrium distribution coefficient (Kj) increases with decreasing the cation resin 
ratio (q), asymmetrical elution curves are expected even when the columns are at 
low loading and at equilibrium conditions.
In general the eluant concentration should be chosen so that the separation 
factor, i.e. the ratio between the distribution coefficients attains a high value. It 
must, however be noted that in practice, the optimum conditions are not always 
obtained with an eluant concentration which corresponds to the highest possible 
separation f a c to r .T h is  is due to the broadening of the elution peak, which occurs 
when the distribution coefficients (peak elution volumes) are high. Furthermore, the 
time required for the separation is increased. For this reason it is desirable to find 
an eluant which gives a high separation factor but not too high distribution 
coefficients (i.e. not higher than 30).
In very dilute hydrochloric and nitric acid solutions, the alkali metals are fairly 
strongly retained by cation exchange resins. From the distribution coefficients 
recorded in Table 3.4 it can be seen that the adsorption of each individual member 
of this group decreases with increasing acidity of the medium and that this decrease 
is only slightly dependent upon the kind of acid used.*'^ If the concentration of the 
acid is increased beyond 4 M, the adsorption of the alkali metals becomes 
negligible. Table 3.5 also shows some of the distribution coefficients for different 
cations of interest.
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Table 3.4. Distribution coefficients of alkali metals for the BioRad AG 50W-X8
resin. 113
Alkali metals
Acid Normality Li Na K Rb Cs
H C l O.I 33 52 106 1 2 0 182
0 . 2 19 28 64 72 99
0.5 8 1 2 29 33 44
1 . 0 4 5 .6 14 15.4 19.4
2 . 0 2 .5 3 .6 7 .4 8 . 1 10.4
3 .0 1 1 1 1 1
4 .0 1 1 I 1 1
H N O 3 0 . 1 33.1 54 99 118 148
0 . 2 18.6 2 9 .4 59 6 8 81
0 .5 8 12.7 26 .2 29.1 35
1 . 0 4 6.3 11.4 13.4 16.8
3 .0 2.5 3.4 5 .7 6 . 6 7 .6
4 .0 l.l 1.3 2 . 6 2 .9 3 .4
Table 3.5. Distribution coefficients of different cations for the BioRad AG
50W-X8 resin. 112
Acid Normality Cation
Sr:+ y  3 + Zr^+
H C l 0 . 1 255 1720 3200 4700 > 104 > 1 0 ^ > 1 0 ^
0 . 2 117 530 790 1070 2930 > 1 0 < > 1 0 ^
0.5 42 8 8 151 217 590 1460 > 1 0 ^
1 . 0 13.33 20 .99 42 .29 60 .2 126.9 144.6 7250
2 . 0 5.2 6 . 2 1 2 . 2 17.8 36 29 .7 489
3.0 3.3 3.5 7.3 1 0 18.5 13.6 61
4 .0 2.4 3.5 5 7.5 11.9 8 . 6 14.5
H N O 3 0 . 1 553 794 1450 3100 5000 > 1 0 ^ > 1 0 -^
0 . 2 183 295 480 775 1560 > 1 0 ^ > 104
0.5 52 71 113 146 271 1 0 2 0 > 1 0 ^
1 . 0 14.8 22.9 53 .3 39 .2 6 8 174 6500
3.0 4.5 5.8 4.3 6 . 1 6 13.9 1 1 2
4 .0 3.1 4.1 1 . 8 4.7 3.6 1 0 30.7
In general, all rare earth elements, including yttrium, are strongly adsorbed on 
strong acid cation exchange resins, from dilute HCl solutions with concentrations 
ranging from 0 .1 to 0.5 M. The distribution coefficients decrease regularly for a 
given hydrochloric acid medium with increasing atomic number. It can be 
concluded that the retention times are strongly dependant on the acid and 
concentration used to elute the different elements.
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3.4. M atrix Suppression Effect on Elution
From the distribution coefficients (Tables 3.4 and 3.5) it is clear that the 
concentration of the acid plays a significant role. At a concentration of 2 M HCl the 
distribution coefficients are 7,4, 10.4, 12.2 and 17.8 for K, Cs, Ca and Sr, 
respectively. If a higher concentration of the acid is used, then these values become 
very close and possible overlapping of the peaks or suppression effects may occur 
for the elution of Cs and Sr when using the BioRad AG 50W-X8 resin.
Foodstuffs such as milk or beans contain high concentrations of Na, K, Ca and 
Mg (Table 3 . 6 ) . These levels may be high enough to cause suppression in the 
order of the elution procedure, namely Ca on Sr and K on Cs, or may cause 
saturation of the resin. The elution of milk and bean samples was carried out to 
assess the effect of high concentrations of potassium and calcium on the elution of 
caesium and strontium respectively.
Table 3.6. Typical Na, K, Ca and Mg concentration in foodstuffs."'*
Electrolyte (jug g"^ wet weight)
Foodstuff Na K Ca Mg
Beans 3.1 1.4 4.3 1.3
Milk 4.0 1.4 1 . 0 9.2
Corn 3.8 2.5 3.6 2.7
Spinach 2.3 3.5 1 . 2 8 . 2
Onion 61 9.6 1.9 81
Samples of milk and beans were prepared following the method of dry ashing. 
A 0.5 g aliquot of the sample was spiked with 1 ml of standard solution containing 
Cs and Sr at 1 ^g ml“k Then the elution of the elements was carried out using 50 
ml of 2.5 M HCl. Fractions of 5 ml were taken, internal standard (In, 100 ng mk^) 
was added and sample aliquots were analysed by ICP-MS (Figure 3.11).
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Figure 3.11. Elution peaks of Cs and Sr in food samples using BioRad AG
50W-X8 resin.
The results show that there is no significant suppression when separating 
caesium and strontium in the presence of high levels of potassium and calcium. The 
elution peaks in Figures 3.8 to 3.10 demonstrate that the volumes of eluant (HCl) 
required to elute caesium, strontium and yttrium are very similar for a specific 
concentration of acid. For example, when using 6  M HCl, the maximum volume of 
eluant required to separate Cs, Sr and Y are 16, 20,7 and 25 ml, respectively. It 
can also be observed that separation cannot be achieved due to the broadening of the 
elution peaks.
An attempt to prevent any excessive broadening of the elution peaks and also to 
achieve the separation of the elements was attempted using gradient elution in the 
following section.
3.5, Gradient Elution Using the BioRad AG 50W-X8 Resin
In a chromatographic separation of a mixture, a component that is strongly 
adsorbed may require a considerable volume of a single eluting agent to carry it 
through the column. Consequently, undesirable dilution of this component results. 
If more than one component is strongly retained, separation of these components 
may be poor, even though complete separation has been effected for the compounds 
that have travelled more rapidly through the column. Asymmetric adsoiption 
isotherms, which exaggerate the tailing of a component, may prevent separation of
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similar substances, even if these travel down the column at a reasonable rate. Such 
undesirable factors can sometimes be overcome by the use of the gradient elution 
principle, in which the column is eluted by a solution of varying composition. *>5 in 
this way the eluting power of the solution for the slower moving components is 
gradually increased as the chromatographic process proceeds, so that undesirable 
dilution of latter components is avoided. Also, by reducing the tailing effect, 
separations may be produced that would not be possible in the absence of the 
concentration gradient in the eluting solution.
In order to separate all elements and also to reduce the broadening of the elution 
curves, a continuous increase in the eluant (HCl) concentration was carried out. It is 
expected that at low concentrations the ions with high charge will be retained in the 
column while the monovalent ions will be eluted. By increasing the concentration, 
this will be followed by elution of divalent ions, and finally at even higher 
concentrations of the eluant, tetravalent ions will elute.
An evaluation of the effect of various acid concentrations on BioRad AG 
50W-X8 was studied. A 1 ml aliquot of Cs, Sr and Y (1 /xg mb^) solution was 
pipetted onto the column, eluted with 50 ml of 1 M HCl, and a series of ten 
sequential 5 ml elution aliquots were collected. These aliquots were then analysed 
using ICP-MS to determine the elution peaks for the various elements. This 
procedure was repeated using different concentrations of HCl, namely 2.5, and 6  M 
(Figures 3.12, 3.13, and 3.14).
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Figure 3.12. Elution peaks of Cs, Sr and Y using BioRad AG 50W-X8 resin
and 1 M HCl as an eluent.
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Figure 3.13. Elution peaks of Cs, Sr and Y using BioRad AG 50W-X8 resin 
and 2.5 M HCl as an eluent.
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Figure 3.14. Elution peaks of Cs, Sr and Y using BioRad AG 50W-X8 resin
and 6  M HCl as an eluent.
Figure 3.12 shows that in using 1 M HCl, Cs can be separated from the other 
two elements. After separating Cs, 2.5 M HCl was used to elute Sr, then 6  M HCl
1 0 1
for separating Y. The results in Figure 3.13 show that the elution peaks are still 
very close for Sr and Y, Therefore, in further studies molarities of 1.5 and 2 M 
HCl were used to separate these elements. The results can be seen in Figures 3.15 
and 3.16.
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Figure 3.15. Elution peaks of Sr and Y using BioRad AG 50W-X8 resin and
1.5 M HCl as an eluent.
COcoCLCOCDCC
50
30
20
0 0 25 50 75 100
Volume (ml)
Figure 3,16. Elution peaks of Sr and Y using BioRad AG 50W-X8 resin and 2
M HCl as an eluent.
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From this experiment it can be concluded that gradient elution offers a 
possibility for the separation of the three elements. One of the most important 
factors for the ion exchange process is the nature of the ions, namely charge, size 
and polarizability. After consideration of these properties the elution order is as 
follows: Cs+ < Sr^+ < The order of elution should be as follows, using 1 M 
HCl to elute Cs, then increasing the concentration of HCl to 1.5 M to elute Sr and 
finally any concentration above 1.5 M can be used, that is 2, 2.5, 4 or 6  M to elute 
Y.
As mentioned previously, the influence of the acid concentration plays an 
important role in the separation procedure. Therefore, it is important to evaluate not 
only the degree of separation, but also the yield of the separated ion to ensure that 
no errors occur due to incomplete elution or losses of the ions during the elution 
procedure. In the next section the method used for the evaluation of the recoveries 
is described.
3.6. M ethod of Standard Addition
The method of standard addition consists of taking aliquots of the sample to be 
analysed, and adding to eacli increasing quantities of a standard containing the 
elements of interest. These increments should be equal or greater than the 
concentration expected in the sample in order to obtain good precision. After the 
samples are analysed, a graph is constructed of response (counts sec"^) versus the 
concentration of the element added. The intercept of the calibration line on the axis 
gives the concentration in the unspiked sample:
y = nix T c
where y is the response (counts sec*)
X is the concentration 
m is the x coefficient 
c is a constant
Therefore, the point of intercept on the x axis, i.e. when the equivalent response 
signal, y, is zero, the concentration (x) in the un spiked sample is given by: x =  - 
c/m
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All data presented in this section are the average of three readings. To avoid any 
possible errors related to the instrument, the calculation of the concentrations was 
carried out using the number of ion counts. Then tiiese values were related to the 
concentrations in the calibration standard.
3.6.1, Elemental Recoveries Using the Method o f Standard Addition
An assessment of the elemental recoveries after the elution procedure was 
carried out for all different molarities of the HCl acid (Table 3.7). This was 
determined by measuring the concentration after elution of 1 (xg mh^, which gives a 
final concentration of 4 ng ml-* of the synthetic solution which was calculated as 
follows: 1 iJLg of Cs was diluted to 50 ml with acid, therefore, the concentration of 
Cs is 20 ng mb* ; from this solution an aliquot of 1 ml was taken and diluted to a 
final volume of 5 ml, resulting in a concentration of 4 ng mb*. Standard addition 
was used to test the accuracy of the method and to evaluate the initial concentration 
which was also compared with the value obtained by external calibration. From the 
eluate, six fractions of 1 ml each were spiked respectively with 0, 0.5, 1, 1.5, 2 
and 2.5 ml of a standard solution containing 10 ixg ml * of Cs, Sr and Y. For each 
sample 0.5 ml of In (100 ng mb*) was added as an internal standard. The solutions 
were made up to 5 ml with deionised water and analysed by ICP-MS. The 
percentage recovery (%R) was calculated as follows:
^ 100 X m easured concentration% p = ------------------------------ --------
know n concentration
Table 3.7. Elemental recoveries for Cs, Sr and Y using different molarities of
HCl mobile phase.
HCl [M] Cs(% ) Sr(% ) Y ( % 0
1 . 0 65.1 3.1 3.9
1.5 6&7 52.4 3.9
2 . 0 69.3 58.2 68.4
2.5 58.7 6 6 . 1 75/7
4.0 85.5 99.8 90.3
6 . 0 98.3 8 6 J 62.1
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The results in Table 3.7 show that when using 1 M HCI, Cs is eluted in 65.1 %, 
Sr only 3.1 % and finally Y is eluted only 3.9 %, this means that at this molarity, 
only caesium can be eluted from the column and strontium together with yttrium are 
still retained on it. When using 1.5 M HCI Cs and Sr are eluted from the column at
68.7, and 52.4 %, respectively, with Y the only element retained at this molarity 
(3.9 %). At higher concentrations, such as, 2.0, 2.5, 4.0 and 6.0 it can be seen that 
practically all three elements are eluted at different percentages from the column. 
For example, at 4.0 M, the percentages are 85.5, 99.8, and 90.3 % for Cs, Sr, and 
Y, respectively.
In general, the elemental recoveries at low concentrations, such as, 1, 1.5, 2.0 
and 2.5 obseiwed are low. Only those at high acid molarities (4.0 and 6.0) are 
reasonable, but at these concentrations incomplete or no separation is achieved. 
Having this limitation with the BioRad AG 50W-X8 resin for the separation of 
caesium, a different approach was considered, that is, evaluating an inorganic 
exchanger, ammonium molybdophosphate, since for certain separations, these 
materials have shown more selectivity than ordinary ion exchange resins.
3.7. Inorganic Cation Exchangers
The inorganic exchange materials are insoluble heteropolyacids, complex 
cyanides of the transition metals and zirconium phosphate. Among these materials 
the heteropolyacids are the most important with respect to their suitability for 
analytical separations.
The main use of inorganic exchangers is in the nuclear energy industry for the 
separation of selected nuclides due to their resistance to radiation and thermal 
stability compared to organic ion exchangers.
The inorganic exchangers must fulfil some additional qualities to an acceptable 
extent, some of these are mentioned below:
( 1 ) absorption and elution must be rapid so the column can be operated at 
reasonable flow rates, in other words, the degree of cross linking must not be 
too high,
(2) the material should be virtually insoluble within wide limits of pH,
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(3) selectivity should be high for a convenient separation between different ions.
The most important inorganic exchanger is ammonium molybdophosphate 
(AMP). This material has been used for the separation of alkali metals and some of 
the radionuclides of these elements, such as ii6
3.7.1. Ammonium molyhdophosphate (AMP)
The 12-molybdophosphate complex ion [P(Mo 1 3 0 4 0 ]^' consists of a hollow 
sphere formed by the twelve M0O3 octahedra, with the PO4  group in the centre. '
In the crystal structure of the ammonium salt of this ion, the ammonium ions with 
associated water molecules are probably fitted in between these spheres of large 
negative ions. As a result this brings about the cohesion of the ions. It can be 
assumed that relatively large interspaces exist between these spheres, so that larger 
ions can be accommodated easily. Therefore, if larger ions are substituted for the 
ammonium ions, it is likely that the larger the displacing ion, the more stable it will 
be packed into the structure. This explains why AMP exhibits an unusually high 
selectivity towards the heavier alkali metals ions, especially in mineral acid 
solutions. In acid media, only the ions which form insoluble 12-molybdophosphates 
are re ta in e d .T h e s e  ions are, NH 4 "'', K'*', Rb + , Cs+, Fr+, Tl"^, Hg*  ^ and Ag+. 
In neutral media, multivalent ions also exchange, being adsorbed as basic 
monovalent ions, such as Sr(OH)'^, Ba(OH)'**, Y(0 H)2 *^ , etc.
In the chromatographic experiments of Van S m i t h , o n e  gram of asbestos per 
gram of AMP was used as a binding material to hold the AMP in situ. Efforts made 
to convert AMP into a large stable crystal without the aid of a binding material met 
with little success. The formation of the very fine crystals (usually smaller than 200 
mesh) may be attributed to the weak crystal faces resulting from the peculiar 
structure of the AMP crystal. The distribution coefficients (Table 3.8) show 
considerably larger differences with AMP than with Dowex 50 under comparable 
experimental conditions.
Table 3.8. Distribution coefficients of Cs and K in 0.1 M ammonium nitrate.
Exchanger Cs K
Dowex 50* 62 46
AMP 6000 3.4
* NH 4 + form
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It was therefore decided to use AMP in conjunction with the cation exchange 
resin BioRad AG 50W-X8. Two methods were used to study the ion exchange 
reaction of caesium with AMP. These methods were, batch equilibrium and fixed 
bed column experiments.
The batch method consisted of adding a definite amount of AMP (typically 0.5 
g) to the acidified sample solution which contains the elements to be separated. The 
mixture is agitated, and left until décantation. Then the AMP which contains the 
caesium is separated by centrifugation or filtration.
The fixed column bed experiment was carried out similarly to the ion exchange 
column technique, but the AMP was added at the top of the BioRad AG 50W-X8 
bed. Typically 0.5 grams of the AMP were added to the acidified solution 
containing Sr and Y, the mixture was agitated and poured into the BioRad AG 
50W-X8 column. The mixture was left until the AMP was settled on top of the 
BioRad bed, then Sr and Y were eluted with 50 ml of acid (HCI or HNO3 ), and 
finally caesium was eluted using 50 ml of 2 M NH4 OH.
There were some problems with the batch method, since some of the AMP was 
absorbed onto the container making it impossible for any further analysis, and also 
the time allowed for décantation should be long enough to have good absorption of 
Cs. It was then decided to use just the fixed bed column method.
3.7.1.1. Exchange Capacity o f Ammonium Molyhdophosphate
The total exchange capacity of the AMP was determined as follows; first, the 
AMP was saturated with successive washings of a solution containing 10 pg ml"  ^ of 
caesium. The caesium phosphomolybdate (CPM) formed by the exchange of 
caesium ions for ammonium ions was then washed with ethyl alcohol to remove the 
excess caesium. The caesium was then replaced with ammonium ions by using an 
ammonium nitrate solution. The exchange capacity was determined by measuring 
the amount of caesium in the ammonium nitrate wash solution by using ICP-MS 
analysis. The total exchange capacity of AMP was determined by this method to be
1.6 milliequivalents (211 mg) of caesium per gram of AMP. This means that using 
1 g of the AMP exchanger, only 211 mg of Cs can be absorbed on it, otherwise a 
saturation or improper absorption may occur.
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3.7.1.2. Solubility o f Caesium Phosphomolybdate (CPM)
Solubility measurements were made of AMP in deionised water and also nitric 
and hydrochloric acids at various concentrations. A solution of 1 fxg ml“  ^ caesium 
was added to the AMP-BioRad resin and then it was washed several times with 
different concentrations of HNO 3  and HCI (2, 4 and 6  M) and the resultant 
solutions were analysed by ICP-MS. The results of the solubility experiments are 
shown in Table 3.9.
Table 3.9. Solubility of caesium phosphomolybdate using the AMP-BioRad
resin
Solubility of caesium phosphomolybdate g ml’*
HNO3 HCI H9 O
Molarity
(M)
Content Molarity
(M)
Content Content
2 . 0 0.05 2 . 0 0.03 0.001
4.0 0.03 4.0 0 . 0 1
6 . 0 0.03 6 . 0 0 . 0 1
These results indicate that the caesium phosphomolybdate is not soluble in acidic 
or neutral medium. Therefore, it can be assumed that caesium is not dissolved 
together with strontium and yttrium in the acidic medium, which means that this 
method could be a possibility for separating Cs from Sr and Y.
3.7.1.3. Effect o f Time on Caesium Adsorption by Ammonium Molybdophosphate
Solutions containing 5 g of BioRad AG 50W-X8 resin, 2 ml of 4 M HNO3  and 
1 ml of a standard solution of Cs at a concentration of 1 pg ml’* were added to 0.05 
g of AMP. The elutions of the CPM were carried out with 50 ml of 2 M NH 4 OH 
at different times to determine the effect of contact time on the adsorption of 
caesium. Figure 3.17, which shows the percentage adsorption as a function of time. 
The results show that after two hours, equilibrium had been reached. For this 
reason, in all subsequent experiments two hours or greater equilibrium times were 
used.
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Figure 3.17. Effect of time on caesium adsorption by AMP
3.7.1.4. Adsorption Experiments o f  Caesium on Ammonium Molybdophosphate
In acidic media, only monovalent ions that form insoluble molybdophosphates 
will be adsorbed. The following experiment was carried out to assess the degree of 
absorption of Cs on the AMP, in other words to prove that Cs can not be desorbed 
in an acidic medium.
A mass of 0.5 g of AMP was weighed and 1 ml of Cs (1 pg ml"^) and 2 ml of 1 
M HCI were added to achieve an homogeneous mixture and also to ensure 
adsorption of Cs on the AMP. The solution was poured onto the column, previously 
packed with BioRad AG 50W-8X resin, and allowed to reach equilibrium. It was 
then eluted with 50 ml of 1 M HCI. To ensure good precision in the evaluation of 
the concentration of Cs, the method of standard addition was followed (Figure 
3.18), Five fractions were spiked with 0.5, 1.0, 1.5, 2.0 and 2.5 ml of a standard 
solution containing 10 ng mk^ of Cs. The internal standard (In, 100 ng mk*)was 
added and samples were analysed by ICP-MS. In order to evaluate the final Cs 
concentration after elution, 4 ng ml'^ (refer to section 3.2.1.2.), one fraction was 
measured without any spike. If caesium was eluted quantitatively from the column, 
the calculated concentration should be 4 ng ml'i giving a 100 % recovery.
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Figure 3.18. Elution of caesium with HCI using the method of standard addition
The results obtained by internal and external calibration showed that caesium 
was still adsorbed onto the AMP. Once it was clear that the Cs was completely 
adsorbed, the next step was to dissolve the precipitate of caesium molybdophosphate 
by using a base, and to also assess the caesium recovery after elution.
3.7.1.5. ElementCÜ Recovery o f Caesium Using Ammonium Molybdophosphate
Since the dissolution of the precipitate can be affected with different bases, 
namely NH4 CI, NaOH and NH4 OH various experiments were carried out to 
evaluate which base dissolves the precipitate giving reasonable yields.
3.7.1.5.1. Ammonium chloride and sodium hydroxide as eluants
A column was packed as above, then two fractions of 50 ml each of 1 M NH4 CI 
were used to elute Cs. The two fractions were collected, and the method of standard 
addition was followed for both fractions individually. Samples were analysed by 
ICP-MS (Figure 3.19)
Following the same procedure as above the column was packed and Cs together 
with the AMP was poured onto the column. After equilibrium caesium was eluted 
with 50 ml of 1 M NaOH. Then 5 fractions of the eluate were used for standard 
addition, prior to ICP-MS analysis.
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Figure 3 ,1 9 . E lution o f  caesium  w ith N H 4 CI using the m ethod o f  standard addition
T h e  results show ed (F igu re  3 ,19) that caesium  was not eluted by using N H 4 CI 
as the m obile phase.
It w as also im possib le  to ach ieve good recoveries using N aO H . T his m ay be  
attribu ted  to the fact that both bases instigated problem s w ith the IC P-M S analysis; 
N H 4 CI due to ch lo rine and in the case o f  N aO H , suppression o f  the signal fo r both 
Cs and In due to the high levels o f  sodium . In such an event it is not possib le to use 
in terna l correction .
3 .7 .1 .5 .2 . A m m onium  hydrox ide as an eluant
It w as decided to use a base w hich does not cause in terferences. N H 4 O H  was 
chosen since all its com ponents are  already  presen t in the IC P plasm a. S ince the 
m obile phase (N H 4 OH ) m ay cause problem s w ith the IC P-M S m easurem ents, an 
experim en t was carried  out to assess w hether there was a significant suppression o f  
the signal, firstly from  the eluant (N H 4 OH ) and secondly from  the elution
procedure . T he follow ing solutions w ere prepared:
1) 10 ml o f  Cs at a final concentration  o f  10 ng mP^ prepared  in
deionised w ater.
2) 10 ml o f  Cs at a final concentration  o f  10 ng ml"' p repared in 1 % 
N H 4 O H .
3) 10 ml o f  Cs at a final concentration o f  10 ng ml"' prepared  in 1 % 
N H 4 OH previously  passed through the colum n.
4) 10 ml o f  1 % N H 4 OH previously  passed through the co lum n. This 
solution was used as a b lank.
I l l
T o  a ll fo u r sam p les and their replica tes the in terna l standard (In 100 ng ml"^) 
w as added a t a concen tra tion o f  10 ng m l‘^  All sam p les w ere w eighed to reduce 
any possib le  e rro rs in using the p ipettes .
T h e  resu lts dem onstrated  that w hen N H 4 O H  is used to p repared  the solu tions, 
the signal o f  Cs is h igher than that w hen deionised w ater is used. F o r  the in ternal 
standard  (In) exactly  the opposite  w as observed; for deionised w ater, the in tensity  
o f  the signal is h igher than that w hen N H 4 O H  is used. In both cases there  is no 
d iffe rence  when N H 4 OH is added w ith o r  w ithout passing the so lvent through the 
co lum n. T h erefo re , p recautions m ust be taken w hen preparing  the solution blank. 
T h is  solution should also be as s im ilar as possib le  to the sam ple m edia, in o rd e r to 
b e  ab le  to correc t the data  using internal standardisation techniques.
T h e  experim ent in section 3 .7 .1 .5 .1  was repeated once again , then Cs was 
elu ted  w ith 50 ml o f  I M N H 4 O H . A fter elu tion , the m ethod o f  standard addition 
w as fo llow ed in o rder to see w hether there was any suppression on the signal by the 
N H 4 O H , and also to evaluate  both the accuracy  o f  die m ethod and the concentration  
fo r recovery  calcu lations. T h e  results are  show n in F igure  3 .20 .
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F ig u re  3 .2 0 . E lution o f  caesium  with N H 4 OH using the m ethod o f  standard
addition
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The calculated concentration was 4.4 ng mi'i compared with the initial 4 ng 
ml'T Therefore, from this result it can be seen that NH4 OH can be successfully 
used to elute Cs quantitatively. Since the calculated concentration was higher than 
the initial (4 ng ml~ )^ for the elemental recovery of Cs, the error on the calculated 
concentration was evaluated as follows (barred formulae refer to the averages):
where y is the signal (counts s e c ’)
X is the amount of analyte added (/ng) 
a  is the error in the standard deviation 
n number of measurements 
b is the X coefficient
is the standard deviation
The results gave a total concentration of 4,39 ±  0.53 ng ml'*, and therefore a 
recovery of 109 ±  11.8 %. In order to evaluate if this value was within the limits 
of acceptance a comparative test was carried out.
In a significant test we are testing the truth of a hypothesis which is known as a 
null hypothesis. The term null is used to imply that there is no difference between 
the observed and known values other than which can be attributed to random 
variation. Assuming that this null hypothesis is true, statistical theory can be used to 
calculate the probability that the observed differences between the sample mean, 
and the truth value (/x), arise solely from random errors. The lower the probability 
that the observed difference occurs by chance, the less likely it is that the null 
hypothesis is true. Usually the null hypothesis is rejected if the probability (P) of 
the observed difference occurring by chance is less than I in 20 (i.e. 0.05 or 5 %) 
and in such a case the difference is said to be significant at the 0,05 (or 5 %) level. 
Using this level of significance there is, on average, a 1 in 20 chance that we shall 
reject the null hypothesis when is in fact true. In order to be more certain that we 
make the correct decision a higher level of significance can be used, usually 0 . 0 1  or 
0 . 0 0 1  ( 1  or 0 . 1  %). In order to decide whether the difference between /x and the 
mean is significant, the following equation is used:
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/u = x± (ts / Vn)
where n is the sample size
/X is the mean of the population 
s is the standard deviation of a sample
% is the mean of the sample 
it can be rewritten:
t = (x -  / s
and a value of t is calculated by substituting the experimental results in this 
equation. If |t| (i.e. calculated value of t) exceeds a certain critical value then the 
null hypothesis is rejected.
Experimental: t =  1.27; for 2 degrees of freedom the critical value of |t| is 4.3 
(P = 0.05). Since the observed |t| is less than the critical value the null hypothesis 
is accepted.
Three more replicates of the same experiment were carried out. The recoveries 
ranged from 90.5 to 98 %. Therefore it was concluded that there was no significant 
suppression from NH4 OH within precision levels. These values agree satisfactorily 
with those reported in the literature (95-99 %).’-' It is important to emphasise that 
in most of the studies reported in the literature, special columns made of asbestos 
are used, to retain the AMP powder. The difference in the recoveries may be due to 
inhomogenities in the BioRad-AMP column, as a result giving incomplete 
dissolution of the precipitate.
The next step was to assess if the presence of Sr and Y would not affect the 
absorption of caesium by AMP.
3.8. Selectivity of the AMP on Cs in the Presence of Sr and V
The columns were packed as described in section 3.7.1.4 and 0.1 g of AMP was 
dissolved with 1 ml of Cs, Sr and Y ( l ^ g  m b’), 1 ml of I M HCI was added, then 
this solution and the replicates were poured onto the column previously packed with 
BioRad AG 50W-X8 resin, and left until equilibrium was reached. The elution of 
caesium was carried out using 50 ml of 1 M NH4 OH. After elution, 6  aliquots of 5 
ml each, were individually spiked with a standard solution containing Cs, Sr and Y 
at a concentration of 10 ng mP‘. During sample preparation, weight was used 
instead of volume in order to reduce systematic errors. The method of standard
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addition was carried out prior to sample analysis by ICP-MS. Figure 3.21 shows a 
typical result for the elution of Cs, Sr and Y using NH4OH as an eluent.
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Figure 3.21. Method of standard addition to evaluate the separation of Cs, Sr and 
Y using AMP and NH4OH as an eluent
For the three replicates the caesium recoveries were in the range of 87 to 93 %. 
On average, the recovery of Cs was 90 % , and > 7 % for Sr and Y for the 
specific calculation in Figure 3.21. These values mean that only caesium is eluting 
quantitatively from the AMP-resin type, while strontium and yttrium are still 
retained on the column. Therefore, it can be concluded that neither Sr nor Y affect 
the adsorption of Cs onto the AMP, and furthermore the process is quantitative, 
since the recoveries obtained are very similar to those when Cs was eluted on its 
own.
From this section it can be concluded that the AMP-resin type offers a very 
good method to separate Cs from Sr and Y quantitatively using any base as a mobile 
phase. It was also shown that AMP is a very selective inorganic exchanger for 
caesium compared with strontium and yttrium. This may be because apart from 
ammonium ions only the large monovalent cations K + , Rb + , Cs+, T1 + , Ag+, Hg + 
and organic bases are large enough to be packed stably into this structure to lower 
the crystal energy sufficiently to give salts insoluble in water.’-- In this experiment 
ammonium hydroxide was shown to be the best base to eluate Cs from the column 
for ICP-MS analysis. It is important to emphasise that all three bases (NH4 CI,
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NaOH, and NH4 OH) can be used for the elution of Cs. Whilst there are no 
problems from the chromatographic point of view, when ICP-MS analysis is used, 
then suppression of the signal occurs. It has been demonstrated that the selectivity 
of the AMP ion exchanger for caesium is superior to that of conventional organic 
resins, e.g. with separation factors more than ten times higher than those of BioRad 
AG 50W-8X, which agrees with the findings of Van R. Smith.” ’’
3.9. Separation of Strontium Using a Crown Ether (Sr-Spec® Resin)
It was shown in section 3.6 of this chapter, that strontium can be separated from 
yttrium and caesium by using BioRad AG 50W-X8, but not very effectively and 
with very low recoveries. Therefore different methods were considered to improve 
the recovery. In the search for the most effective method an important factor had to 
be taken into account, namely, the method should not involve too many steps to 
minimise excessive sample preparation times.
Different procedures were evaluated,’-^  but most of them tended to be very 
complicated and slow since they required the separation and purification of 
strontium, as in the case of the classical method using fuming HNO3 .'-'’ This 
method involves nine different precipitation steps. In 1992, Horowitz and co­
workers discovered a crown ether which can be used for the separation of Sr.'- '’ 
Although Sr-Spec® could possibly be successfully applied to the analysis of 
environmental samples containing radiostrontium, no references have been reported.
The necessity to improve the degree of separation of Sr from Y and also to 
enhance the recoveries resulted in a further series of studies investigating a different 
resin, namely Sr-Spec®.
3.9.1. Crown Compounds: Sr-Spec
Crown compounds'-’’ were discovered in 1967 by Pedersen. '-^ He observed that 
a tiny amount of white fibrous crystals was produced as a by product when catechol 
was reacted with dichloroethyl ether during the preparation of some types of ethers. 
As a result of detailed investigations into the complex formation between these 
macrocyclic poly ethers and various metal salts, the following important 
characteristics were observed which formed the basis for subsequent studies:
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(1) many of the macrocyclic polyethers having 5 to 15 oxygen atoms formed stable 
complexes with each metal salt of elements in the periodic table; Group lA 
(Li+, Na+, K+, Rb+, Cs+), IIB (Ag+, Au+), llA (Ca^+, Sr2+, Ba-+), IIB 
(Cd2+, Hg2 +), HA (La3 + , Ce3+), IIIB (T1+), and IVB (Pb2+),
(2 ) the stability of these complexes depends upon the relative size between the ionic 
radius of the cation and the cavity in the macrocyclic polyether,
(3) various inorganic salts of these metal cations were soluble in many organic 
solvents, including nonpolar or low polar solvents in the presence of the 
macrocyclic polyether.
The name crown was given because of their chemical structure and the shape of 
the complex formed when metal ions were enclosed into the cavity. Crown 
compounds have not been strictly defined, but they are generally described as 
macrocyclic compounds having hetero atoms such as O, N, or S as the electron 
donors in their ring structures, and have the property of incorporating cations into 
their cavities. The macrocyclic polyethers containing only oxygen atoms as the 
donors are termed crown ethers.
As mentioned before, the most remarkable characteristic of crown compounds is 
their ability to form stable complexes. During complexation, the cation portion of a 
metal salt, ammonium salt, or organic ionic compound (guest) is bound by a crown 
compound (host) bearing donor atoms such as, oxygen, nitrogen or sulphur. The 
complexation ability of a crown compound and the stability of the resulting complex 
depends on the relative sizes of the diameter of the cavity in the crown compound 
and the diameter of the cation. They are also inBuenced by the charge of the cation, 
as well as by the kind of donor atoms present in the crown compound, which 
determine the basicity. The ion selective complexation ability of the crown 
compounds is a product of these characteristics.
The complex between crown ether and an inorganic salt is formed by ion dipole 
interactions between the cation and the negatively charged oxygen atoms on the 
polyether ring. The structure of this complex is composed of a cation trapped in a 
crown ether cavity that is nearly the same size as the cationic diameter. Lone pairs 
of electrons belonging to the oxygen atoms on the crown ether ring are directed 
toward the inside of the ion. Table 3.10 shows some of the values that have been 
calculated for the cavity diameters of crown ethers.
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Table 3.10. Calculated values for the cavity diameters of 14 to 24-crown ethers.
Polyether ring Cavity diameter (Â)
14-Crown-4 1 .2 - 1 .5
l5-C row n-5 I .7 -2 .2
18-C iow n-6 2 .6 -3 .2
2 1 -Crown-7 3 .4 -4 .3
24-Crown-8 >  4
Pedersen (1967) listed the following factors which affect the stability of the 
complex;’-^
(A) the relative size of the cation and the cavity of the crown ether; the more 
closely they match, the more stable is the complex,
(B) the number of oxygen donor atoms: stability of the complex increases as the 
number of oxygen donors increases,
(C) the arrangement of oxygen donor atoms: the more oxygen donors arranged on 
a plane, the more stable is the complex formed,
(D) the symmetry of the arrangement of oxygen donor atoms: the more oxygen 
donors are arranged symmetrically, the more stable is the complex that is 
formed,
(E) the basicity of an oxygen atom bonded to an aliphatic carbon atom is greater 
than that of an oxygen atom bonded to an aromatic ring,
(F) solvation of the cation: the less solvation, the more stable is the complex 
formed. Solvation energy decreases with increasing ionic diameter for cations 
belonging to Groups 1 to IV,
(G) electric charge on the cation.
The close connection between the stability of a complex and the relative sizes of 
the crown ether cavity and the cation has been substantiated by X-ray analysis of the 
structures of crystalline complex and by measurement of complexation constants. A 
more stable 1 : 1  complex is formed when the cation has an ionic diameter fitted to 
the cavity size of the crown ether. When the cationic diameter is larger than the 
cavity size, the complex becomes less stable; the cation may then be located slightly 
apart from the plane in which the oxygen donors on the crown ring are arranged, or 
a 2:1 or 3:2 complex with a sandwich structure may be formed as shown in Figure 
3.22. (The term 2:1 means the molar ratio of crown ether:salt).
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C ro w n  ring S
S a n d w ic h  structu re C lub san dw ich  structu re
Figure 3.22. Hypothesised structure of 2:1 and 3:2 complexes
In contrast, when the cation diameter is much smaller the conformation of the 
crown ring assumes a steric configuration such that each oxygen donor atom is 
located at the shortest distance from the cation. The energetic stability of the 
complex decreases with increasing deviation from the stable conformation and the 
value of the complexation constant becomes smaller.
There have been reported some uses of these crown compounds, for example, 
Mitchell et al.'-^ reported that ^^Sr-+ was absorbed more selectively than '^^Ca- + 
from a buffer solution by a cation exchange resin permeated with dicyclohexyl-18- 
crown - 6  and followed by neutron irradiation. Wai et al.'-^ reported the use of 
crown ethers, namely, sym-dibenzo-16-crown-5-oxyacetic acid and its analogue 
2-(sym-dibenzo-16-crown-5-oxy)stearic acid, for the separation of ^°Sr and
The crown ether 4.4 (5 )-bis(tert-butylcyclohexano)-l 8 -Crown - 6  (Figure 3.23) 
with the commercial name of Sr-Spec resin provides a very selective complexing 
environment for Sr ions. Therefore, it was decided to use this resin since the 
material exhibits selectivity towards Sr ions with respect to several others cations 
(Li + , Na+, Mg2 + , AP + , Mn-+, Fe-^  + , Co- + , Ni- + , Cu- + , Zn^ + , Cd^ + , Y3 + , 
and Cs + ) using 3 M HNO 3  solutions. According to the manufacturer the amounts 
of other elements eluted with 5 free column volumes of 3 M HNO3  are: 65.8% K, 
98.7% Ca, 15% Ag, <0.4%  Ba, 6 % Hg, 0.8% Pb. Strontium can be easily 
removed with very dilute HNO3  (0.05 M), or simply water.
Figure 3.23. Crown ether used for the separation of Sr
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In all chromatographic separations the conditions used were: column length of 
20 cm with an internal diameter of 10 mm, packed with 2,5 cm of the Sr-Spec® 
resin, and a flow rate of 2 ml miir* (pump speed 1.5). It is important to mention 
that in this experiment, the parameters of the Sr-Spec® resin were not evaluated, as 
with the other resins, for economical reasons. The amount of resin used was 
selected according to manufacturer instructions.
3.9.2, Elemental Recoveiy o f Strontium Using Sr-Spec® Resin
The selectivity of the Sr-Spec® was tested through the evaluation of the 
recovery for Sr, Cs and Y. A 1 ml aliquot of a synthetic solution containing the 
elements of interest at a concentration of 1 fig ml"^  was loaded onto the column 
previously packed with 1 g of the Sr-Spec® resin (2.5 cm) and subsequently eluted; 
Cs and Y were eluted with 50 ml of 4 M HCI, while Sr was eluted with 50 ml of 
deionised water. The method of standard additions was used to ensure the accuracy 
of the analysis (Figure 3.24). Six aliquots of the eluate of 1 ml each were taken and 
diluted 5 fold. Five of these aliquots were spiked with Sr to a final added 
concentration of 1, 2, 3, 4 and 5 ixg m l'\ respectively. This procedure was repeated 
in triplicate for Sr, Cs and Y.
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Figure 3.24. Method of standard addition to evaluate the separation of Cs, Sr 
and Y using Sr-Spec® and HoO as an eluant
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The results obtained were; 93% recovery for Sr, and less than 10% for Cs and 
Y. These values show that although some of the Cs and Y is retained, these levels 
are extremely low, which shows that the Sr-Spec® resin is selective for strontium. 
The separation of Sr is quantitative and no significant differences were observed 
between external calibration and standard addition. The experiment was carried out 
in triplicate, and the calculated strontium recoveries ranged from 87 to 93 %. These 
values show that the Sr-Spec® resin considerably improves the recovery of Sr if 
compared with those obtained using the BioRad resin (50 to 6 6  %). The wide range 
in recoveries is due mainly to the multiple use of the Sr-Spec® resin. A good 
recovery is obtained when the resin is used for the first two times, after which there 
is a deterioration in performance.
3.9.3. Multiple Use o f the Sr-Spec® Columns
The cost of the Sr-Spec® is £21.0 per gram, therefore, the possibility of reusing 
the same resin for subsequent separations was investigated. This study was carried 
out by eluting three consecutive volumes of a known amount of Sr. Using the same 
column and under the same conditions as mentioned in the previous section, Sr was 
eluted and the recoveries calculated, giving the following results: 87 %, 95 % and 
> 100 %. It can be seen from these values, that the resin can be successfully used 
for a maximum of two separations, since in the third elution a probable memory 
effect seems to affect the results. Although the resin can be reused for at least two 
studies, precautions should be taken, since the reuse of the column could possibly 
lead to cross-contamination if samples containing low and high concentrations are to 
be separated by the same column. A solution to this problem is the regeneration of 
the resin after each separation and to avoid consecutive separations with the same 
resin.
In order to investigate the possibility of resin regeneration, a second study was 
carried out. An attempt was made to regenerate the used resin by washing it several 
times with deionised water and diluted acid to remove any possible residue of Sr, 
and finally it was heated at 30 to 40°C for 1 hour. Once it was re-packed it was 
rinsed with 15 ml of deionised water. It is important to emphasise that after 
regeneration the resin was yellow in colour where as previously it had been white. 
An evaluation of the resin was carried out using the same procedure as in section
3.9.3. When the synthetic solution was applied to the column, some particles of the 
resin floated on top of the column. These particles were allowed to settle before Sr
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elution was carried out. The recovery obtained was < 50 %. Therefore, it can be 
concluded that even after regeneration of the resin, it cannot be used any further. A 
possible reason for this is that the resin is losing its properties when it is exposed to 
acids and heat.
In this section the Sr-Spec® resin showed a good selectivity for strontium when 
compared with caesium and yttrium. This is mainly due to the stability of the 
complex formed with the resin and Sr, since the size of Sr and the cavity of this 
crown ether match quite closely. In the case of Cs and Y, their cationic diameter 
are larger than the cavity of the Sr-Spec® crown ether, therefore, the complexes 
formed are less stable.
Using the Sr-Spec® resin a great improvement was achieved for the recovery of 
Sr, which ranged from 87-93 % compared with 50-66 % when using the BioRad 
resin. Therefore, it can be concluded that the Sr-Spec resin offers a very good 
method for the separation of Sr from Cs and Y.
3,10. Sequential Use of the Resins in the Separation of Synthetic Solutions
Since the results obtained to date have shown good recoveries when the resins 
are used individually, it was decided to attempt a sequential use of the resins for the 
separation of the three elements of interest (i.e. Cs, Sr and Y).
3.10,1. Method I
This experiment was carried out using a synthetic solution containing Cs, Sr and
Y at a concentration of 1 fig mb* in 1 % HCI. The solution was poured onto a 
column previously packed with Sr-Spec resin. Strontium was eluted with 50 ml 
deionised water (solution 1), then Y and Cs were eluted with 6  M HCI. To the 
acidic solution containing Y and Cs, a 0.1 g of AMP was added and left until 
equilibrium was reached. In order to separate Y from Cs, the supernatant containing
Y (solution 2) was removed while Cs was adsorbed by the AMP. The precipitate of 
Cs and AMP was dissolved in 50 ml of 1 M NH4 OH (solution 3). For all three 
solutions the method of standard addition was used for ICP-MS analysis. A 
schematic of the procedure is presented in Figure 3.25. The calculated 
concentrations (refer to section 3.2.1.2) are listed in Table 3.11.
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ICP-MS analysis
Standard addition
Elute Y and Cs with 6 M HCI
Add 0.1 g o f  AM P to the eluate
Pour 1 ml o f  std. on the Sr-Spec resin
Elute Sr with 50 ml o f  deionised water
D issolve the A M P-Cs with NH,,OH
Rem ove supernatant (Y) from the solution
Figure 3.25. Sequential separation "Method I"
Table 3.11. Calculated concentrations for Sr, Y and Cs using method I
Calculated concentration (ng ml~ )^
Resin Sr Y Cs
Sr-Spec® 5.8 6 . 6 4.5
BioRad (HCI) 2 . 0 1.5 0.5
AMP 0.7 0.3 0.7
The results in Table 3.11 show that in the first step using the Sr-Spec® resin 
(the calculated concentrations were evaluated as in section 3.2.1.2.). All three 
elements (Cs, Sr, and V) were eluted with the deionised water. Although the resin 
was washed prior to use, there was possible memory effects from the previous 
sample, since the levels of all three elements were higher than the original solution 
(4 ng ml'( after elution),
3.10.2. Method II
As result of the above possible memory effect problem, the order of the resins 
used in the separation sequence was changed as shown in Figure 3.26. The 
calculated concentrations are listed in Table 3.12.
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ICP-MS analysis
Standard addition
Elute Cs with 1 M NH .O H
Elute Sr with deionised water
Elute Sr and Y with 6  M HCI
Mix 0 . 1 g o f  AM P with the Std Sol.
Pour the mix onto a BioRad column
Pour the eluate onto a Sr-Spec column
Collect the acidic eluate containing Y
Figure 3.26. Sequential separation "Method 11"
Table 3.12. Calculated concentrations for Sr, Y and Cs using method II
Calculated concentration (ng ml"')
Resin Sr Y Cs
Sr-Spec® 1 . 0 0.4 0 . 2
BioRad (HCI) 5.4 3.7 0.4
AMP 0.3 0.3 3.3
The above results show that, for this particular order in the sequential use of the 
resins, when using the Sr-Spec® resin, 25 % of Sr was eluted, compared with less 
than 10 % for Cs and Y eluted less than 10 %. For the step when the BioRad AG 
50W-X8 is used, Sr and Y were eluted almost at 100 % and Cs in very low levels 
(10 %). Finally, as expected when using the AMP type resin, 83 % of the Cs was 
eluted, and Sr and Y at very low percentages, since they already eluted with the 
other resins. The results for Cs are in good agreement with those previously 
obtained. A possible reason for the results obtained for Sr is that a 50 ml aliquot of 
6  M HCI was used to elute Sr and Y from the BioRad AG 50W-X8 resin. However, 
passing this solution onto the Sr-Spec® causes severe instability of the resin (as 
shown by resin particles separated from the column bed), and a poor separation was 
observed (90 % Sr, 57 % Y).
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3.10,3. Method III
Since the use of HCI caused problems in relation to the stability of the resin, it 
was therefore necessary to use HNO3 instead of HCI. The change of acids in the 
first instance caused the Sr-Spec® resin to float to the top of the column. This was 
attributed to the relative density of the acid (1.405 g ml" )^ being greater than the 
relative density of the resin (1.157 gm 1’ )^. In an attempt to maintain the resin at the 
bottom of the column, a peristaltic pump was employed to recycle the acid by 
pumping it out from the bottom of the column and feeding it back onto the top of 
the column. The minimum flow rate required to pull the resin to the bottom was 3 
ml m in 'f Once this was achieved the eluate was collected and analysed as described 
in Figure 3.27. The calculated concentrations (refer to section 3.2.1.2) for Cs, Sr 
and Y are reported in Table 3.13.
ICP-MS analysis
Standard addition
Elute Cs with 1 M N H O H
Elute Sr and Y with 4 M HNO
Elute Sr with deionised water
Pour the mix onto a BioRad column
Mix 0 . 1 g o f  AM P with the Std Sol.
Pour the eluate onto a Sr-Spec column
Collect the acidic eluate containing Y
Figure 3.27. Sequential separation "Method III"
Table 3.13. Calculated concentrations for Sr, Y and Cs using method III
Calculated concentration (ng ml'^)
Resin Sr Y Cs
Sr-Spec® 3.8 0 . 1 0 . 0
BioRad (HNO3 ) 0.5 3.7 0 . 0
AMP 0.3 0 . 2 3.4
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From the above results, the recoveries were evaluated as in section 3.2.1.2. The 
sequential use of the different resins gave the following results. When using the 
BioRad-AMP resin type, Cs showed a good recovery of 85 %, less than 10 % for 
Sr and Y. These values mean that the AMP is very selective for Cs.
Then the next step was to separate Sr and Y which was carried out by eluting 
both elements from the BioRad resin with HNO3 . The resultant acidic solution was 
poured onto a Sr-Spec® resin so as to separated Sr. At this step the recovery for Y 
was calculated to be 93 %, obviously no Cs, since this was already eluted with the 
AMP, and very low levels of Sr ((12 %).
Finally for the Sr-Spec® resin, the recovery for Sr was 95 % which agrees with 
previous results. These results show the possible use of the resin in the following 
order AMP-BioRad AG 50W-X8-Sr-Spec® for the sequential separation of Cs, Sr 
and Y. In order to evaluate the reproducibility of the method the experiment was 
repeated in triplicate. The data was evaluated using both external calibration and 
standard addition methods. The results ranged from 80 to 85 %, 89 to 93 % and 92 
to 96 % for Cs, Sr and Y, respectively. Figure 3.28 shows a summary of recoveries 
for Cs, Sr and Y using the sequential separation "Method III".
ICP-MS analysis
Standard addition
Elute Sr and Y with 4 M HNO
Mix 0.1 y o f  AMP with the Std Sol.
Pour the mix onto a BioRad column
Pour the eluate onto a Sr-Spec column
Elute Cs with 1 M NH^pH  
Cs recovery 85 %
Elute Sr with deionised water 
Sr recovery 95 %
Collect the acidic eluate containing V 
Y recovery 93 %
Figure 3.28. Summary of recoveries for Cs, Sr and Y using the sequential
separation "Method III"
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It has been demonstrated that the use of the different resins in this sequence 
showed an efficient separation and/or preconcentration of the three elements. The 
next step was to evaluate if this study can be used to separate Cs, Sr and Y in 
foodstuffs.
3.11. Sequential Use of the Resins in the Separation of Biological M aterials
A series of experiments was undertaken to ascertain whether the different resins 
could be used to sequentially separate Cs, Sr and Y from biological material, 
namely bean (Flor de Mayo), and milk samples. The separation scheme (Figure 
3.29) shown below was followed as an initial attempt using ashed bean or milk 
samples.
Step 2Step 3
Stop I
ICP-M S Analysis
Add 0.05  g o r  A M P
Ash Bean or M ilk Sam ples
Standard addition method
Y passes through the column
Dissolve w ith 5 ml o f  4 M HNO.^
Klutc S r and V w ith 50 ml o f  4 M H N O ^
Spike w ith C s. S r and V (1 ml o f  1 /»g/m!)
I'asx the acidic solution through Sr-S |iec
E lu te APM -Cs with 50 ml o f  2 M N IL  OH
Figure 3.29. Sequential separation of Cs, Sr and Y for biological materials
A 20 g sample of beans or milk from Mexico was dry ashed in a muffle furnace 
using the following procedure, 100°C for 30 minutes, 200°C for 30 minutes, 
400°C for 2 hours, and finally 520°C for 6  hours. The ashed samples were 
homogenised by using a plastic stirrer. A 0.1 g aliquot of the ash was weighed and 
dissolved together with 0.05 g of AMP in 2 ml of 4 M HNO3 . The final solution 
was spiked with 1 ml of a standard solution of Sr, Y and Cs at a concentration of 1
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fjLg ml'^ and left overnight. The solution was then loaded onto the column as 
outlined in Method III of the previous section (3.10.3).
The separation of Cs from Sr and Y in bean or milk samples was successfully 
completed using the procedure outlined in Figure 3.29. This procedure can be 
summarised in three steps: step 1 the separation of Cs from Sr and Y, step 2 elution 
of Y and step 3 elution of Sr (Table 3.14).
Table 3.14 Elemental recoveries of Cs, Sr and Y for each step of the sequential
elution for beans.
Cs % Sr % Y %
Step I AMP 98 7.8 5.0
Step 2 BioRad 1.28 1 2 . 2 89
Step 3 Sr-Spec® 0.72 80.0 6 . 0
Table 3.14 lists the observed recoveries for the various elements at the end of 
each step. Based on these results, very good recoveries were obtained for Cs at the 
end of the first step (the elution with the AMP type resin). For the same step the 
recoveries for Sr and Y ranged from 5 to 7.8 % which agrees with results
previously obtained when using synthetic solutions. These results showed once 
again the selectivity of the AMP ion exchanger for Cs, and also that this selectivity 
is not affected when other cations are present, such as K or Ca which exist at very 
high concentrations in foodstuffs (see section 3.4).
The separation behaviour of the Sr-Spec®, however, was not as efficient as 
observed with the synthetic solution (12 % of the Sr was lost in step 2). The main 
reason for this deterioration was the increased pump How rate (to maintain the resin 
at the bottom of the column bed) which did not provide sufficient time for the 
exchange process resulting in a lower recovery.
The yield of the whole separation is comparable to most literature methods to 
date, with the distinct advantage that this process can be achieved in a relatively 
short period (16 hrs from start to end) and requires minimum handling by the 
operator.
Similarly the results for the milk samples are summarised in Table 3.15.
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Table 3.15 Elemental recoveries of Cs, Sr and Y for each step of the sequential
elution for milk.
Cs % Sr % Y %
Step 1 AMP 96 6 . 2 3.2
Step 2 BioRad 3.1 6 . 8 8 8
Step 3 Sr-Spec® 0.9 87.0 8 . 8
The results obtained for milk samples were as follows: 96 %, 87 %, and 8 8  % 
for Cs, Sr and Y, respectively. As can be seen, the recovery for Sr in higher in 
milk than in bean samples. A possible reason for this difference in recoveries may 
be related to the natural levels of Sr and Ca in the samples. Milk contains 0.52 jug 
g“i of Sr, and 1.0 ixg g~^  of Ca. On the other hand the natural level of Sr in beans is 
1.1 (Jig g-^, and 4.3 /xg g'^ of Ca. Therefore, it can be concluded that the high level 
of Ca in beans caused a slight suppression of Sr.
3.12. Ion Exchange Column Coupled to ICP-MS
For all previous studies, the analysis of the eluate was carried out using 
fractions for its analysis. In the case of the evaluation of retention times or elution 
peaks for the different elements, the used of approximately 1 0  fractions was a very 
tedious job, and also it leads to more errors due to manipulation of the samples. 
Therefore, there was a need to find a technique which would reduce the number of 
samples to be analysed and consequently the errors involved in such measurements. 
In this section a pilot experiment was carried out to assess the coupling the ion 
exchange column to the ICP-MS instrument.
The coupling of an ion exchange column system to an ICP-MS instrument is 
simplified by the peristaltic pump. The eluate that leaves the analytical column is 
conducted to the nebuliser of the ICP by using plastic tubing which passes through a 
peristaltic pump to control the Pow rate. The schematic in Figure 3.30 shows the 
configuration of the ion exchange column coupled to the ICP-MS instrument used in 
this work (lEC-ICP-MS).
The use of the peristaltic pump is necessary in order to bring the liquid mobile 
phase through the column, where species separation takes place, to the instrument. 
The liquid then flows to the nebuliser and the aerosol is introduced to the plasma. 
Since the solution that leaves the column is very acidic (typically 6  M), a 
connection with a T junction made of glass was adapted between the column and the
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peristaltic pump. Therefore, the sample is diluted before it reaches the nebuliser. 
Table 3.16 illustrates the typical operating conditions on the lEC-ICP-MS system.
Column
Peristaltic pump
T connection
Water
Figure 3.30. Schematic of an lEC-ICP-MS configuration
Table 3.16. Operating conditions for lEC-ICP-MS
Flow rate 14 ml min-l
Mode of scan Manual
Dwell time per channel 1024 ms
Channels per AMU 16
Number of passes 1
Detector Multiplier
Three columns were packed with 2 g (2.5 cm) of the BioRad AG 50W-X8 resin, 
and 0.05 g AMP. A 1 ml aliquot of standard solution containing Cs, Sr and Y at a 
concentration of 100 ng inT* was added and left for 2 hours. After the solution had 
reached equilibrium, the first column was connected to the peristaltic pump. Sr and 
Y were eluted with 50 ml of 2 M HNO3  and Cs with 50 ml of 1 M NH4 OH. Since 
the ICP-MS instrument was operated in the time resolved mode, only one isotope 
can be eluted at a time. From the first column, strontium and yttrium were eluted, 
but only strontium was measured (Figure 3.31), then using the second column, the 
procedure was repeated, and only yttrium was measured (Figure 3.32). Finally, 
caesium was eluted using the third column and measured (Figure 3.33).
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Scale Plot type Detector
5«0E+5 cps Linear Mu1 tipiier
Dwell time? per channel s 1024 fn- Channels per AMU : 16Number of passes : 1
Figure 3.31. Elution peak of using BioRad AG 50W-X8 resin eluted with 2 M
HNO3  using lEC-ICP-MS
192 2241601289664M ass 32
Scale Plot type Detector
5 « 0E+4 c psLinearMu1 tipiier
Owe lit ime per c hanne 1 : 10.'Channels per AMU : 16Number of passes : 1
Figure 3.32. Elution peak of using BioRad AG 50W-X8 resin eluted with 2 M
HNO3  using lEC-ICP-MS
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M ass 37 96
Figure 3.33. Elution peak of using AMP BioRad type resin eluted with 1 M
NH 4 OH using IEC-ÎCP-MS
As can be seen from the results, the elution peaks of Sr and Y are well defined, 
but in the case of caesium there was obviously a problem. The Cs was reaching the 
plasma in pulses, threfore, no defined elution peak could be observed (Figure 3.33). 
This problem was solved by increasing the flow rate to 2 ml miir* (Figure 3.34).
1201121049688M ass 72
Figure 3.34. Elution peak of '33Cs using AMP BioRad type resin eluted with 
M NH4 OH using lEC-ICP-MS (flow rate 2 ml miir')
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In general it can be concluded that the ion exchange column can be coupled to 
ICP-MS in order to reduce the number of aliquots to be analysed. The technique 
offers a very good option for chromatographic separations to be measured with 
various advantages, such as, reduction of errors during handling of aliquots, the 
elution peaks being well defined and the total analysis times of approximately 2 0  
minutes. In terms of retention times and recoveries, they are similar to those 
evaluated with the normal elution, since the column parameters were the same in 
both cases. In this study, this procedure was not used for the separation of any 
biological samples, since this technique is destructive and no further studies can be 
made on the sample. However, this method needs further investigations in order to 
be able to recycle the sample and use it for the sequential separation or the coupling 
of two columns to the system, one containing the BioRad AG 50W-X8, to separate 
Cs from Sr and Y, and the other for the Sr-Spec® resin for the separation of Sr 
from Y. Taking into consideration that at the present time the facilities needed for 
coupling to the ICP-MS were not available, no further investigations were carried 
out.
3.13. Summary of Chromatography
The determination of ^^Sr in biological and environmental samples requires its 
separation from large quantities of inactive matrix constituents and from other 
interfering radionuclides (^^Y). Similarly, the determination of ^^^Cs presents 
serious difficulties because of its low concentration and the limits of detection of the 
counting equipment. Therefore, for their determination, it is generally necessary to 
preconcentrate caesium and separate strontium. In this study, this problem was 
pursed using ion exchange chromatography, before further analysis.
The different resins used for the ion exchange experiments were BioRad AG 
50W-X8 and Sr-Spec® resin. A cation exchanger AMP was also used to selectively 
concentrate caesium. Initial analyses were carried out using standard solutions, then 
the results were tested and compared with those for biological samples (beans and 
milk).
From the results it can be concluded that the use of the different resins can be 
sequentially used for the complete separation and/or preconcentration of Cs, Sr and 
Y. It has been demonstrated that the AMP ion exchanger is very selective for Cs
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even in the presence of other alkali metals such as Sr, Ca and K. The results 
obtained in these experiments showed Cs recoveries in the range of 85 to 98 % 
depending on the matrix. It was also shown that the separation and recovery for Sr 
was improved with the use of a crown ether (Sr-Spec®), giving recoveries in the 
range of 80 to 95 % compared with those obtained with the BioRad AG 50W-X8 
(50-66 %). Yttrium was successfully separated using the BioRad AG 50W-X8 resin 
giving recoveries between 89 to 98 %.
3.14. ICP-MS Analysis of Foodstuffs
Once radioactive caesium and strontium are released into environmental and 
biological systems, they will eventually come into chemical equilibrium with any 
stable caesium and strontium already present. They will effectively act as a tracer 
for the movement of naturally occurring caesium and strontium. Therefore, it is 
important to evaluate the natural content of stable isotopes present in food to 
determine which foodstuffs will be more contaminated in a possible nuclear 
accident. In the course of this work, over 30 different biological and environmental 
samples were analysed to evaluate the natural content of Cs, Sr and Y. Some other 
elements were also evaluated; alkali metals, trace elements and toxic metals, since 
some of these elements have an effect on the bioavailability of caesium or strontium 
for plant uptake.
3,14.1. Digestion Procedures
A wide variety of analytical techniques have been used for trace element 
determinations in food. In most cases, a preliminary treatment of the sample is 
required prior to analysis. One of the more important requirements in sample 
pretreatment is the determination of the standard dry weight, which is defined as the 
weight of the sample after it has been dried at 100°C to constant weight. This is 
necessary to ensure that all data is reported on a comparable basis. The use of wet 
weights are generally unsuitable because of variations in water content due to 
available moisture during sampling, degree of evaporation during transport and 
storage of the sample and the species of the plant.
The first step in the preparation of environmental or biological samples is the 
separation of the elements of interest from organic material. This is undertaken 
eitlmr by ashing procedures (wet or dry), which destroy the organic matter, or
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extraction with acids or other solvents. The method of choice depends on the 
volatility of the elements, and on the mass of the sample.
Samples can be either wet or dry ashed. Both methods, and specially dry ashing 
in which higher temperatures are reached, incur the risk that volatile radionuclides 
may be lost. A wet ashing method is frequently used to oxidise organic matter from 
foodstuffs or plants. Normally concentrated nitric acid and perchloric acid, or a 
combination of nitric-perchloric or perchloric-sulphuric are commonly used. 
Occasionally a nitric acid-hydrofluoric acid digestion is required when excessive 
amount of insoluble silicates are present.
3.14.1.1. Dry Ashing Procedure
Biological samples were weighed (approx. 1 g) into 10 ml beakers, then placed 
in a muffle furnace at an initial temperature of 100°C for a period of thirty minutes. 
The temperature was gradually raised, to 200°C for thirty minutes, then to 400°C 
for two hours and finally to 520°C for 6  hours. Homogenisation of the digested 
samples (0.01 g) was carried out with a plastic stirrer. The digested samples were 
dissolved with 1 ml conc. HNO3  and then diluted with deionised water to a final 
volume of 20 ml. The internal standards were added at a final concentration of 100 
ng mT^ and 2 jug mT  ^ of In and Ho, respectively in 1 % HNO 3  prior to ICP-MS 
analysis.
3.14.1.1.1. Evaluation of Elemental Losses During the Ashing Procedure
Reported investigations have shown that there is a possibility of caesium losses 
during digestion procedures, i.e. for the determination of ^^ '^Cs in alfalfa plants and 
soft tissue, Blincoe,*^^ used the dry ashing method. The procedure consisted of 
slowly increasing the temperature in the muffle furnace over a period of 6  h to 
prevent loss of sample by splattering, then ashing the sample at 550^0. In a 
different study dry ashing at 550"C resulted in losses of 8  to 15% Cs from soft 
tissue but not from bone. This is due to the great volatility of caesium salts, 
namely, caesium chloride and the much lower concentration of Cs present in animal 
and plant tissues. It has been demonstrated that the loss of Cs is not due to 
decomposition of organic matter however, the presence of a high percentage of 
calcium in the ash appeared to prevent loss during digestion. Ralls and co- 
workers^^^ found losses of 11 % of Cs in spinach samples at 560^C. GreeiT '^  ^ has 
shown that losses of Cs occur during dry ashing of milk. ____
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In this work a series of experiments were carried out in order to investigate the 
possibility of caesium loss during dry ashing digestion procedures. Samples of 
beans (Phaseolus vulgaris) were spiked with a known amount (1 jUg ml’ )^ of Cs, Sr, 
and Y before and after dry ashing. The ashes were dissolved with 1 ml conc. HNO 3  
and diluted up to 20 ml, giving a final concentration of 50 ng g'L The elemental 
concentrations were evaluated (Table 3.17) for both samples spiked before and after 
ashing.
Table 3.17. Results for bean samples spiked before and after dry ashing
procedure.
Elemental concentration (ng g"^)
Spiked before Spiked after
Cs 45.6+0.32 44.8+0.27
Sr 50.5+5.7 50.7 +  6.1
Y 46.3+0.07 46.2+0.08
The mean of the two samples were compared. Taking the null hypothesis that 
the two methods give the same result, i.e. that the dry ashing method has no effect 
on the amount of Cs, Sr and Y found, it is necessary to test whether the difference 
of the mean of the two samples differs significantly from zero. If the two samples 
have standard deviations which are not significantly different, a pooled estimate of 
the standard deviation can be calculated from the two individual standard deviations 
Cl and Ü2 by using the following equation:
cy^ =  { ( n j - l ) G “ i +  ( n 2 “ l ) c y “ 2 } ' ^ ( ' 3 1
t is given by:
t = (x 1 -  X3 ) / s^ (l / m + 1 / 1 1 2 ) 
where t has n, +  nn- 2  degrees of freedom.
In the case of this experiment there are 4 degrees of freedom so the critical 
values of 11 1 are given in Table 3.18.
Table 3.18. The t-distributioiT^^
Degrees of 90% 95% 98% 99%
freedom 0 . 1 0 0.05 0 . 0 2 0 . 0 1
4 2.13 2.78 3.75 4.60 ■
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From Table 3.18 it can be seen that the critical values of 11 | are in the range 
2.13 to 4.6 at different probabilities (P). The experimental values of 11 1 calculated 
are tcs =  3.3, tg  ^ =  1.16, and ty = 1.63. The observed values of | t |  are less 
than the critical value. Therefore, the null hypothesis is retained, i.e. that the 
procedure of ashing does not significantly affect the concentration of the elements 
determined. It is important to emphasise that in the case of Cs, the value of the 
probability is quite low, only about 2 %. It can be concluded that caesium does not 
significantly volatilize during this dry ashing digestion procedure.
3.14.1.1.2. Qualitv control of the analytical procedure
The quality control of the analytical procedure was carried out using two 
reference materials, NIST:SRM 1572 Citrus Leaves and NIST:SRM 1573 Tomato 
Leaves. Duplicates of the reference materials were weighed (0.5 g each) into 10 ml 
beakers. The samples were dry ashed, allowed to cool and the ash homogenised by 
using a plastic stirrer. The internal standards were added (1 (xg ml'^ Be and 100 ng 
ml"l In) and the samples diluted up to 20 ml with deionised water. The elemental 
concentrations (as a mean of 3 measurements and standard deviation), non certified 
and certified reference values are shown in Table 3.19.
Table 3.19. Quality control evaluation of NIST:SRM 1572 Citrus Leaves and 
NIST:SRM 1573 Tomato Leaves reference materials.
Elemental Contents Mg Dry Weight
NIST:SRM Citrus Leaves NIST:SRM Tomato Leaves
Element Certified This Study Element Certified This study
Cd 0 .03  ±  0.01*'' 0 .0 3 5 ± 0 .0 0 3 Cd 3* 3 .3 5 ± 0 .0 1 6
Sr 1 0 0  +  2 1 0 2 . 1 + 0 . 1 Sr 4 4 .9 ± 0 .3 4 4 .6  ± 0 .0 3
Cs 0.098* 0 .11  ± 0 .0 0 3 Cs - 0 . 2 1  ± 0 .0 0 8
Pb 1 3 .3 + 2 .4 6 .9 ± 0 .0 6 Pb 6 .3  4:0.3 3 .154 :0 .03
Zn 2 9 .0  +  2 29 .6  ± 0 .7 5 Zn 6 2 ± 6 46 ± 0 .2 9
Rb 4 .8 4  +  0 .06 4 .9 5  ± 0 .0 2 Rb 1 6 .5 ± 0 .1 1 5 .9 ± 0 .1 2
Mo 0 .17  ± 0 .0 9 0 .1 6 + 0 .0 2 Mo 0 .6 * 0.73  ± 0 .0 0 3
Cu 1 6 .5 + 1 13 .54-0 .54 Cu 1 1 ± 6 10.86440.14
Cr 0 . 8 + 0 . 2 2 .6 ± 0 .0 5 Cr 4 .5 ± 0 .5 4.1  ± 0 .0 8
Co 0 .0 2 * 0 .13  ± 0 .0 0 3 Co 0 . 6 * 0 .6 5  +  0 .007
Mn 2 3 .0 ± 2 22 .3  +  0 .6 Mn 2 3 8 ± 7 2 1 3 ± 3
* Non certified values
** Mean ±  standard deviation (n = 3)
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In general, a good agreement was observed for most of the elements between 
the certified values and the results obtained in this study.
3.14.1.2. Wet Ashing Procedure
Prior to wet ashing all environmental and biological samples were dried at
100°C for 10 hours, then samples were weighed (approx. 1 g) into polypropylene 
or teflon beakers and 6  ml of concentrated HNO 3  was added. Polypropylene 
beakers were partially submerged into a water bath (100°C) and heated until 
dryness of the acid. Then a further 6  ml of acid was added to complete the digestion 
(10 h). Samples were allowed to cool and then transferred to volumetric flasks for 
further dilution up to 100 ml with deionised water. High levels of solid content can 
cause a severe suppression and instability in the plasma, and possible blockage of 
the cone and skimmer. Furthermore, discharges in the skimmer and accelerator 
cones start to take place causing the ICP-MS instrument to trip. As a result, the 
prepared solutions needed a further dilution step to avoid the aforementioned 
problems. Therefore, 1 ml of the solution was subjected to a 20 fold dilution with 
deionised water, the internal standards were added at a final concentration of 1 0 0  ng 
ml'I and 2 /ng ml"’ of In and Ho, respectively.
A comparison of both dry and wet ashing procedures was carried out. A
reference material NIST:SRM 1573 Tomato Leaves and bean samples were
analysed. Samples were ashed according to the procedures mentioned above and 
analysed. The results are summarised in Table 3.20.
Table 3.20. A comparison of dry and wet ashing procedures.
NIST:SRM 1573 Beans
Element
Certified Dry Wet Dry Wet
Cr 4 .5 3.7 3.9 0 . 8 0 .9
Co 0 .6 * 0 .4 0 .4 0 . 1 0 . 1
Ni 1 .2 * 0 .5 0 . 6 1 . 1 1 . 2
Cu 1 1 . 0 10.4 10.7 1.3 1.5
Zn 6 2 .0 43 .2 4 4 .4 6 . 6 6 . 8
Rb 16.5 15.3 15.6 4.3 4 .6
Sr 4 4 .9 44 .6 44 .8 2 . 2 2 .5
Y - 0.3 0 .3 0.03 0 .0 4
Cs - 0 . 2 0 .3 0 . 0 2 0 . 0 2
Mn 238 213 215 9 .0 9 .2
Cd 3 .0 * 1.7 1.9 - -
Pb 6 .3 3 .0 3 .2 0 . 1 0 . 1
Non certified values
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The results demonstrate that in general for most of the elements there is no 
significant difference between the dry and wet ashing procedures. In general, the 
values for dry ashing procedure are lower than those for wet ashing. This may be 
due to possible volatilities of some of the elements or also the incomplete dry ashing 
or ability to dissolve the ashes. It can be seen that the method of wet ashing offers a 
good possibility for the digestion of biological materials, however, the use of 
different acids during the digestion procedures and therefore more manipulation of 
samples leads to possible contamination.
3.14.2. Sample Preparation fo r  ICP-MS
Food samples for analysis were selected according to their importance in the 
Mexican diet and also for the natural content of Cs and Sr reported in the literature. 
All foodstuffs, species and chilli samples were bought from markets in Mexico 
(Figure 3.35), the location of sample collection is listed in Table 3.21.
Samples were digested by wet ashing following the method reported in section
3.13.1.2. After ashing samples were allowed to cooled and then transferred to 
volumetric beakers for further dilution up to 100 ml with deionised water. A 1 ml 
aliquot of this solution was taken, and made up to 2 0  ml with a solution containing 
100 ng ml"’ and 2 pg ml"’ of In and Ho respectively in 1 % HNO 3  before analysis 
by ICP-MS. Tables 3.22 to 3.23 report the elemental concentrations for the 
different foodstuffs. The elements were divided in essential, non-essential and toxic. 
The values reported in Table 3.20 are the average of 6  different spices (sesame 
seeds, anis seeds, black pepper, cumins, cloves and soya beans) and 1 0  different 
types of chillies (mora, arbol, morita, pasilla, cascabel, guajillo, pulla, catarina, 
canica, and chipotle). In Tables 3.22 and 3.23 the values reported for flours and 
coffees are the average of 4 types each and bean values represent the average of 3 
different types.
Table 3.21. Location of sample collection within Mexico
Sample Location
Beans Tuxtla Gutierrez
Beans Durango
Beans Mexico City
Spices Figure 3.35
Chillies Figure 3.35
Flours Mexico City
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Figure 3.35. Location of collection for foodstuffs within Mexico
Table 3.22. Elemental composition in spices and chillies from Mexico
Food group ng g'* (*Mg g’ -^ ), dry w eight
Element Spices Chillies
Min. Max. Mean Min. Max. Mean
Essential Ca* 4967 8447 6996 329 9445 2 0 1 0
Co 29 .8 265.7 105.1 25 .9 540 .6 244 .9
Cr 580 .6 982.1 767 .9 768 .8 2527 1271
M g* 6676 15827 12322 3486 53566 13905
M n* 4.9 75 .2 35 .8 4 .5 4 1 .2 1 1 . 8
Mo 8 6 . 1 1910.1 534 .7 115.3 1591.2 562 .4
Na* 236.1 1505 5 2 7 .2 144.0 1861.0 614 .4
N i* 0 .4 1.9 1 . 1 1.4 5 .0 2 .5
Zn* 3.2 28 .0 13.3 5 .4 18.0 10.7
Non-essential Ba* 3.6 23 .0 1 1 . 6 0 .4 4 .4 1.3
Cs 2 4 .2 88.7 4 6 .2 7.3 1 1 2 . 8 26 .7
Rb* 3 .0 14.3 7.7 4 .3 25 .4 11.9
Sr* 15.0 75.5 32.5 0 .4 13.3 32 .8
Y 15.9 446 .8 140.0 18.2 172.8 46 .9
Toxic Cd 7 8 .2 305.6 202 .3 59 .0 5 13 .8 169.8
Pb 148.9 488.1 301 .6 74 .6 421 .5 237 .3
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Table 3.23. Essential element composition in selected foods from Mexico
Essential Elements ng g" 1 (*jUg g'^), dry w eight
Food Ca* Co Cr Cu* M e* Mn* Mo Na* N i* Zn*
Flours 2480 30.9 738 0.9 4851 8 .4 356 .2 2540 0 .5 8 . 1
Soybean 2214 331.7 809.5 7.3 15473 44.3 9203 397 2 . 6 13.7
M ilk 9405 27 .8 1 . 2 0.9 15035 1 . 6 459.3 5822 1 . 1 33 .2
C offee 1687 145.1 121.9 9 .8 4795 29 .4 83.8 2 1 1 . 6 0 . 6 3.1
Meat 261.1 4& 3 3578 8 . 6 2 0 2 0 2 . 2 132.8 2417 0 .7 66 .7
Beans 272 .7 148.7 421 .0 1.5 1182 9 .0 103.7 44& 8 1 . 2 6 . 8
Cactus 2042 19.2 166.1 0.3 373 .2 26 .7 51 .9 1232 0.3 1.9
Alfalfa 8319 50 .0 544.1 1.9 11613 1 2 . 6 925.7 1272 1 . 0 5.1
Cabbage 1 2 2 2 19.5 158.2 0.4 3216 5 .7 153.6 313 0 .3 1.7
Spinach 1547 133.3 254 .0 1 . 0 12096 16.7 43 .9 362 0 .7 4 .0
Onion 3666 18.2 216.3 1 . 2 2235 8 . 1 64 .7 344 0 .7 2 . 1
Corn 4693 642 564 .2 5.9 2712 1.7 63 .2 380 5.3 5.1
Table 3.24. Non-essential and toxic element composition in selected foods from
Mexico
Non-essential Elements 
ng g - 1  (*^g g-1 ), dry weight
Toxic 
ng g-i dw
Food Ba* Cs Rb* Sr* Y Cd Pb
Flours 1 . 0 1 0 . 6 1.5 2 . 8 22.7 193.2 2 5 8 .2
Soybean 2 . 6 - 5 .4 6.4 16.1 - 106.6
Milk 43 .0 1 2 . 1 13.5 44.6 19.9 - -
C offee 2.3 6.3 9 .4 3.7 5.1 12.7 53 .6
Meat 0 . 2 0.3 0 . 1 0.7 9 .0 - 72 .3
Beans 3.5 14.7 4 .6 2.5 3 0 .0 - 138.8
Cactus 2 . 2 1.4 0.3 10.4 25 .5 - 157.6
Alfalfa 3.9 2 . 8 5 .0 23.1 5 .0 - 59 .3
Cabbage 0 .4 3.2 2 . 1 3 .0 1.5 23 .5 44 .9
Spinach 0.9 3.3 7.3 2.5 37 ,9 18.0 40 .7
Onion 0 . 8 0 .9 15.3 4 .6 4 .0 - 26 .5
Corn 2 . 1 0.5 142.9 131.7 127 29 .3 44 .7
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The results in Table 3.22 shows that high levels of Sr are present in spices and 
chillies. It is important to remark that although calcium is also present at high 
levels, it does not suppress the levels of strontium. Similarly, the highest levels of 
Cs were detected for chillies and spices. It can be seen from Tables 4.23 and 4.24 
that high concentrations of Cs and Sr were found in bean and corn samples, 
respectively which also contain high levels of Ca. Alfalfa, milk and cactus also 
show very high levels of Sr.
Cadmium and lead levels have been reported in the literature, for example, in 
milk the levels are < 2, and 6  u^g g'^ for Cd and Pb, respectively. Reported Cd and 
Pb levels for bread are 5 and 12 [ig g-i J36, 1 3 7  ’Yhe levels of Cd and Pb in some of 
the measured foodstuffs are higher than those reported in the literature. This may be 
due to the fact that Cd is widely distributed throughout the ecosystem from 
industrial volatilisation and by the application of fertilisers, from which it settles 
into the soil and water. On the other hand Pb contamination is extremely 
widespread throughout the Mexican environment. Present day levels of Pb in food, 
water and air are clearly elevated in comparison to levels before the introduction of 
lead technology.
3.15. Ganmia Ray Analysis of Foodstuffs
Samples were collected from different locations in Mexico (as shown in Figure 
3.36) for the analysis of ^^^Cs, although some other radionuclides were also 
evaluated. Some of the samples were collected in the vecinity of the Reactor 
"Laguna Verde" in Veracruz, Mexico. In Table 3.25 the specific location of 
collected samples is summarised.
Table 3.25, Location of collected samples in the vecinity of the Reactor
"Laguna Verde"
Sample Location
Milk El Viejon Palma Sola
Corn El Viejon Palma Sola
Beans El Viejon Palma Sola
Crab Laguna La Mancha
Sargasso Punta Villa Rica
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Figure 3.36. Location of collected samples in the vecinty of the Reactor
"Laguna Verde"
143
Some other samples were collected, including moss, Russian tea and grass 
provided by the Physics Department (University of Surrey), and different types of 
beans (Table 3.21) and casein from Mexico City.
3.15.1. Sample Preparation fo r  Gamma Ray Analysis
The activity determinations of l^^Cs, samples were initially analysed without 
any pretreatment, but no activity was detected. Therefore, in order to 
preconcentrate Cs, some of the samples were dry ashed as in section 3.14.1.1. 
Homogenisation of the samples was carried out with a plastic stirrer after the 
digested samples cooled, then they were placed in pre-weighed polythene bottles to 
a level corresponding to 400 cm^ and the net weight was recorded. Samples were 
re-counted for a period of 8  hours. Where peaks were found in the spectra, they 
were corrected for background, weight factors, and the net peak count was 
converted into activity (see section 2.17). The specific activity concentration in 
foodstuffs from Mexico can be seen in Table 3.26. Similarly, the specific activity 
concentration in a selection of environmental samples from UK can be seen in Table 
3.27.
Table 3.26. Specific activity concentration in foodstuffs from Mexico
Specific Activity (Bq kg
Radionuclide %
(keV)
Beans
Durango
Beans
Veracruz
Beans
Tuxtla
Gutierrez
Milk
powder
M ilk
N ido
Co-57 1 2 2 - - - - -
C e-144 134 - - - - -
Ce-141 145 - - - - -
1-131 364 - - - 1 . 2 -
Ru-103 497 - - - - -
Cs-134 605 - - - - -
Ru-106 622 - - - - -
Cs-137 662 3.7 13.8 3.2 5 .7  . 7.2
Zr-95 724 - - - - -
Zr-95 757 - - - - -
Nb-95 766 - - - 3.3 -
Cs-134 795 - - - 0 .9 -
Co-58 811 - - - - -
M n-54 835 - - - “ -
Zn-65 1116 - - - - -
Co-60 1173 - - - - -
Co-60 1333 - - - - -
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Table 3.27. Specific activity concentration in a selection of environmental
samples from UK.
sp ecific  Activity (Bq kg
Radionuclide E ,
(keV)
Grass Russian
Tea
M oss
Co-57 1 2 2 - - -
Ce-144 134 - - -
Ce-141 145 2 . 2 - -
1-131 364 - - -
Ru-103 497 - - -
C s-134 605 - - 1.4
Ru-106 622 - - -
Cs-137 662 12.9 28 .9 51 .6
Zr-95 724 - - -
Zr-95 757 - - -
N b-95 766 4 .4 - -
C s-134 795 5 .5 - 2 . 2
Co-58 811 - - -
M n-54 835 - - -
Zn-65 1116 - - -
C o-60 1173 - - -
C o-60 1333 - - -
As can be seen from the results in Tables 3.26 and 3.27 the samples 
analysed contained negligible quantities, or levels within the accepted limits of 
radioactivity (Apendix 2), even for those samples which were collected in the 
vecinty of the reactor. In most of the cases the levels of radionuclides were 
very low or even below the detection limits. For various foodstuffs, such as 
casein, corn. Sargasso (gulfweed) and crab, no radionuclides were detected. 
For bean samples, the minimum activity detected were 3.2 Bq kg-\ and the 
maximum 13.8 Bq kg'L The average activity obseiwed for milk samples was 
6.45 Bq kg'L These results are in agreement with those obtained by ICP-MS 
analysis for stable isotopes. The elemental analysis of selected foodstuffs 
showed that the highest levels of were detemined in bean samples (14.7 
ng g'^). On the other hand, milk samples also contain considerable amounts of 
Cs (12.1 ng g'l), therefore, it can be seen that there is a possible relationship 
between the stable and radiocaesium. The radioactive caesium released in to the 
environment comes into chemical equilibrium with the stable caesium present 
naturally in foodstuffs
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Chapter 4
4. C a e siu m  and  Str o n t iu m  U p t a k e  by  B e a n  Pl a n t s
4.1. Introduction
After a radiological incident radioactive materials can be deposited onto surface 
soils and the external surfaces of plants. The subsequent fate of these radionuclides, 
such as 13'^Cs and % r ,  depends upon various complex interactions, which in 
themselves are directly influenced by the chemistry of these surfaces, namely, pH, 
solubility, hydrolysis, the presence and behaviour of other ionic or elemental 
species, organic complex formation, etc.
The behaviour and uptake of radionuclides in soils were discussed in Chapter 1 
(section 1.5). In general, the extent of penetration of an ion depends on its valence, 
for example a divalent cation will bind more tightly with soil than monovalent 
cations. Therefore, ^^ '^Cs due to its abundance in soils from fallout is readily 
available for uptake by forage. Once in the soil, the radionuclides will pass to the 
root system in the same way as non radioactive isotopes of the same cations. The 
geochemical characteristics of ^^^Cs are fairly similar to those of non radioactive 
Cs. Absorption and mobilisation of Cs is influenced by ion concentrations (pH 
effect), the presence of other alkali or alkaline earth ions (Na+, K +, Ca^*^, 
Mg^"^), soil moisture and soil type (especially the mineral and organic 
constituents). Caesium is readily taken up by plants although its absorption by 
roots is reduced when compared with other alkali metals, such as, K or Na. 
Bioavailability is influenced by extreme conditions of acidity or alkalinity as shown 
by the addition of lime or peat to soil.^* Guliakin et al have reported the 
concentrations of ^^^Cs in various plants grown on soils with the addition of 0.03 
nCi kg'U^ "*® In general higher levels were found in plants grown in sandy
rather than loamy soils. Plant leaves rather than roots accumulated ^^^Cs Both fruits 
or seeds (including grain) had lower levels.
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Strontium is very often associated with Ca and, to a lower extent with Mg, in 
the terrestrial environment. It is easily mobilised, especially in oxidising acid 
environments, or in light soils where it is readily taken up by plants. On the other 
hand, clay minerals and organic matter can strongly fix Sr. Furthermore, Sr 
availability may be inhibited by the presence of other ions, especially Ca, Mg, K, 
and Na. Strontium-90 is relatively easily taken up by plants, but its availability may 
be inhibited by the application of Ca, Mg, K, and Na to soils. Strontium-90 can 
accumulate in plant leaves whilst low levels are found in seeds or grains (typically 
in the ratio of 15 or 20:1, respectively).
The absorption and uptake of radionuclides by plants (reviewed in Chapter 1, 
section 1.7) is controlled by factors, such as, pH, the concentration and chemical 
characteristics of other ions or species, etc. Radionuclides can enter plants by foliar 
absorption, although this depends directly on the type of plant, the nature of plant 
surface, and climatic factors (rainfall, wind, moisture/humidity).
Table 4.1 shows a review of some reported studies of radionuclide uptake by 
plants. The nuclides studied include % r ,  ^^^Cs, -^^Am, ^^^Pu in a variety of 
plant, wheat, barley, maize, potato, radish, peas, bean, soybean, bush beans, 
tomato and lettuce. Very few studies have investigated both Cs and Sr (stable and 
radioactive isotopes) in a particular foodstuff such as beans and the effect on uptake 
of dose, soil organic matter content, pH and presence of other alkali or alkaline 
earth elements.
Table 4.1. Reported studies of radionuclide uptake by plants
N uclide Plant Soil Part
analysed
Growth
period
Chemical
form
Conc. Ref.
238pu Corn Sandy clay loam All 30-50 days Nitrate 7.2x10-3 141
238pu Radish Contaminated soil Roots, tops 24-37 days M ixed 2.1x10-1 142
238pu Tomato Contaminated soil Fruit, tops, 95 days 
roots
M ixed .6 .0x10-2 142
238pu Lettuce Silty loam All 35 days D ioxid e 1.7x10-4 143
238pu Wheat Contaminated 
Floodplain, Lim e
Grain Maturity M ixed 1.1x10-4 144
238p^j Soybean Contaminated 
Floodplain, Lim e
Bean Maturity M ixed 3.1x10-4 144
238pu Bean H oagland’s nutrient Leaves Maturity Soluble 6.0x10-5 145
Bean Hoagland's nutrient Leaves Maturity Nitrate 3.0x10-3 145
Am Barley Cinebar clay 
loam pH 4 .5
Leaves Maturity Nitrate 3x10-3 145
Am Barley Ephrata sandy loam  
pH 4 .7
Leaves Maturity Nitrate 2x10-3 145
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Tab le 4 .1. (continued)
241 Am Bush Calcareous loam Leaves 14-45 days Nitrate 1.3x10-3 146
beans acid
241 Am Soybean Hacienda loam All 13 days Solution 1.2x10-' 147
137Cs M aize Nutrient sol. Shoots 30 days Soluble 4 .9 148
Radish Contaminated soil Root 24 days M ixed 1.0x10-* 142
1 3 7 c s Tomato Contaminated soil Fruit 95 days M ixed 1.0x10-' 142
137Cs Lettuce John Innes compost All Maturity M ixed 1.0 x 1 0 ' 145
Pea John Innes com post Pea Maturity M ixed 1.0 x 1 0 ' 145
137Cs Potato Contaminated soil Tuber Maturity M ixed 1.2x10-' 145
137CS Wheat Contaminated soil Grain Maturity M ixed 4.0x10-2 145
137Cs Wheat John Innes compost Leaf, stem Maturity M ixed 2,6x10-' 145
137Cs Wheat Peat-Podzol sandy 
pH 4 .5
Peat-Podzol clay 
pH 4 .3  
Black earth 
pH 5 .2
Stem, seed 1 year Soluble 17.0
2.0 
2.6
149
137Cs Oats Peat-Podzol sandy 
pH 4 .5
Peat-Podzol clay 
pH 4.3
Black earth pH 5 .2
Stem, seed 1 year Soluble 8.5
1.4
1.4
149
Corn Peat-Podzol sandy 
pH 4 .5
Peat-Podzol clay 
pH 4 .3
Black earth pH 5 .2
Stem, seed 1 year Soluble
2.1
2.0
149
137Cs Peas Peat-Podzol sandy 
pH 4 .5
Peat-Podzol clay 
pH 4 .3
Black earth pH 5 .2
Stem, seed 1 year Soluble 43.3
3 .8
5 .8
149
137Cs Beans Peat-Podzol sandy 
pH 4 .5
Peat-Podzol clay  
pH 4.3
Black earth pH 5 .2
Stem, seed 1 year Soluble 7 .2
2 .3  
2.0
149
90Sr Beans Contaminated 
pH 7 .5
Stem, root 6 weeks SrCL 2.2 150
90Sr M aize Contaminated
pH 7 .5
Stem, root 6 weeks SrCU 0.9 150
90Sr W heat Contaminated 
pH 7 .5
Stem, root 6 weeks SrC li 1.2 150
90Sr Beans Vina Loam, Hanford 
sandy loam pH 6 .8
Leaf, stem  
fruit
Maturity M ixed 2.5x10-9 150
90Sr Kale Nutrient sol. pH 5 .5 All Maturity Nitrate 0 .4 150
90Sr Oats Peat-Podzol sandy 
soil pH 6 .2
Stem, seed 1 year M ixed 9 .3 -2 3 .4 151
Podzol medium clay Stem, seed 1 year M ixed 12-29.5 151
soil pH 6
Black earth pH 6 .4 Stem, seed 1 year M ixed 2 .9 -19 151
Gray earth pH 7 .4 Stem, seed 1 year M ixed 2 .4 -2 0 .5 151
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In this work an investigation of the Cs and Sr uptake of bean plants is reported, 
mainly for two different experiments, firstly, the uptake of the stable elements and 
secondly the uptake of their radionuclides.
Beans (Phaseolus vulgaris) were chosen as they constitute an important part of 
the Mexican diet. Daily consumption relates to mixing beans with the main dish as 
part of the evening meal. Preparation involves simple boiling of the beans. 
Therefore, it is important to assess the possible uptake of Cs and Sr by growing 
bean plants and evaluating whether this contributes to a possible dietary source of 
radioactive Cs or Sr for Mexican people.
Several experiments were undertaken to evaluate:
(i) the uptake of Cs and Sr as a function of the added elemental content of the 
substrate,
(ii) the distribution of Cs and Sr in various plant compartments e.g. roots, stem, 
leaves, or seeds (beans),
(iii) the influence of pH and % organic content of various growth media or 
substrates upon plant uptake of Cs and Sr, and
(iv) the influence of potassium and calcium content upon plant uptake of Cs and Sr.
Experiments were carried out either in a glasshouse (for bean plants covering 
the growth period from germination to approximately 6  weeks) or a laboratory 
growth cabinet (growth period of 6  to 1 0  weeks) depending upon whether elemental 
or radioactive Cs and Sr were being used.
4.2. Glasshouse Experiments
A standard 3 m by 4 m (2.5 m high) garden glasshouse was used, located in a 
position with direct sunlight for approximately 5 hours per day. Experiments were 
carried out in May to September, 1993.
4.2.1. Expérimental Design
Bean seeds obtained in Mexico City (Flor de Mayo variety) were germinated for 
1 0  days in moist cotton wool placed in 1 0  cm diameter petri dishes at a constant 
temperature of 25°C. The sprouted beans were transferred to plant pots (-300 g of
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growth medium) and placed on plastic growth trays in the glasshouse (with 
individual pot water collection trays). The glasshouse temperature was maintained 
between 12 and 21^C during the experiments. All sample pots were individually 
watered (using local tap water; with typical elemental levels of 0.16 ng ml“^  Cs, 12 
ng m l'i Sr, 18 /^g ml‘i Ca, and 2.5 /xg ml‘i K) with approximately 5 ml volume per 
day (depending on climate conditions).
The experiments used various growth media, namely:
(i) Commercial white silica sand (with organic content measured by dry ashing 
at 550°C of 0.2 %, and pH 7.8),
(ii) Lightwater garden soil (13 %, pH 6.2)
(iii) Commercial garden soil (50 %, pH 7.4)
(iv) Commercial Rose Batch compost ( 8 8  %, pH 6 . 8 )
(v) Commercial compost (81 %, pH 6.9).
The experiments involved the addition of Cs and/or Sr standard solutions at 
varying concentrations and pH levels. Each standard solution was added to three 
"replicate" plants and the plant dimensions recorded (length, cm). Experiments 
were carried out in the glasshouse with random placement and constant 
rearrangement of plants to avoid variations due to exposure to sunlight. After the 
designated growth period for each trial (from 6  weeks onwards), the plants were 
separated from the growth medium, washed in deionised water and the plant
dimensions recorded (plant length, cm; root length, cm; and number of beans). The
plant was separated into leaves, stem, roots, and beans, and dried at lOO^C for 6  
hours. All dried samples were weighed and dry ashed in a muffle furnace (100°C 
for 30 minutes, 200°C for 30 minutes, 400°C for 2 hours, and finally 500°C for 12 
hours). The homogenised ash was weighed, and made up to 20 ml with a solution 
containing 100 ng ml'^ In in 1 % HNO 3  before analysis by ICP-MS.
4,2.2. Uptake, o f Cs and Sr as a Function o f their Content in the Substrate
A pilot study was undertaken in order to evaluate the uptake of added Cs and Sr 
by bean plants. The germinated beans were transferred to pots containing 
commercial white silica sand. This substrate or growth medium was chosen because 
it has a very low organic content ( - 0 . 2  %), and is chemically inert, so only the 
added standard solution of Cs and Sr is available for bean plant uptake. In order to 
avoid possible presaturation of the substrate, the latter was not watered for 24 hours
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prior to spiking with Cs and Sr. Since no solution appeared on the growth trays 
following the application of the spike it was assumed that Cs and Sr have been 
retained by the substrate.
A series of Cs and Sr synthetic solutions were prepared in tap water (pH 7) with 
the following concentrations: 0, 100, 200, 300, 400, 500, 600, 700, 800, 1000 pg 
ml'L A 1 ml aliquot of each solution was added to three sample pots. The bean 
plants were subsequently harvested after 6  weeks. Throughout the growth period the 
plants received only tap water. No nutrient solution was applied as it was 
considered that the chemicals in such a solution would influence the uptake of Cs 
and Sr. As a result the harvested bean plants were considerably smaller in size (both 
plant and beans) than the plants grown in latter experiments using soils and 
compost. There was no apparent difference in size between the plants grown in this 
trial.
Figures 4.1 and 4.2 show the caesium and strontium content (jug g"\ dry 
weight) of total bean plants as a function of a single added caesium or strontium 
dose (/Lcg) to the substrate (silica sand). The results are reported for total bean plants 
as in some cases there was insufficient material available for the analysis of roots 
and beans.
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Figure 4,1. Caesium content (/xg g-', dry weight) of total bean plant as a function 
of the single added caesium dose (jug) to the substrate (silica sand).
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Figure 4.2. Strontium content {pg g-', dry weight) of total bean plant as a function 
of the single added strontium dose (pg) to the substrate (silica sand).
The rate of Cs and Sr uptake by bean plants steadily increases in response to 
added elemental doses to substrate. In general, strontium is more mobile than 
caesium with considerably higher levels in the bean plants with increasing dose. 
Analysis of the silica sand substrate following harvest showed a consistently low 
level of Sr (<  8  jug g"') and Cs (< 2 .5  fig g-') irrespective of the elemental dose 
added to the substrate at the beginning of the trial. This suggest that most of the Cs 
and Sr had either been taken up by the plant or washed-out during daily watering of 
the plants. The above results of Cs and Sr uptake by bean plants are in agreement 
with the findings of other reported studies using stable and radionuclides of these 
elements. This study is different in that Cs and Sr plant uptake is from a 
chemically inert substrate (silica sand) whereas all the other studies use a 
s o l u t i o n ''*9 or soif''--'''^ growth medium.
Strontium is easily mobilised from the silica sand with increasing total plant 
concentrations directly related to Sr dose added to the substrate. Up to Sr dose 
levels of 600 fig there appears to be a linear increase in plant Sr uptake, with a 
degree of saturation towards higher Sr doses. The discrimination capacity of bean 
plants in the case of Sr and Cs is also shown in this study. Whilst plant Cs levels 
increase with added Cs dose to the substrate there is a much lower level of Cs 
uptake than Sr. This may in fact be related to Sr being mobilised to plant leaves 
whereas Cs is taken up by roots. This has been confirmed by Szabo, who studied 
the uptake of and from the soil of maize, wheat, and beans where
although the activity of the soil was 1 0  times higher than the 9%r activity, the
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activity in the plant, taken up from the soil, was 2  orders of magnitude 
smaller than the ^osr activity.
The low levels of Cs taken up in this experiment may also be due to the problem 
related to the limited root development of the bean plants grown on silica sand. It is 
therefore important to investigate the uptake and distribution of Cs and Sr by bean 
plants using other substrates.
4.2,3. The Bean Plant DistrUmtion ofCs and Sr in Relation to their Content in the 
Substrate
An experiment was undertaken to investigate the bean plant uptake and 
distribution of Cs and Sr following the continuous addition of these elements to the 
substrate. As a result of the previously reported problems of plant growth through 
using inert silica sand, this experiment used commercial compost (81 % organic 
content, pH 6.9). A solution of Cs and Sr (1 jug mb') was continuously added to a 
set of triplicate sample pots, at a rate of ~5 ml day \  for the period from bean 
germination to 6  weeks. After this period the bean plants were harvested. In 
general, the plants were twice the size of those grown in silica sand, and had on 
average two bean pods per plant.
Figure 4.3 shows the mean Cs and Sr content (^g g-', dry weight) of bean 
plants (roots, stems, leaves, beans) as a function of continuous additions of 5 jug 
day-1 Cg or Sr standard solution to the commercial compost substrate.
These results support those of the previous experiment using silica sand on the 
substrate. Strontium is readily absorbed from the commercial compost substrate to 
the aboveground parts of the bean plants. On average, 63.1 % of the measurable Sr 
is accumulated in the leaf, and 36 % in the stem material of the bean plants. Very 
little strontium is deposited in the root (0.3 %), and beans (0.05%). In contrast, the 
largest percentage of absorbed Cs is found in the stem (94.6%), with minimal levels 
in root and leaf (2.6%), and bean material (0.3%).
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Figure 4.3. Mean of Cs and Sr content (/xg g - \ dry weight) of bean plants (roots, 
stem, leaves, beans) as a function of continuous addition of 5 /xg d ay ' Cs or Sr 
standard solution to the commercial compost substrate.
In general, these results relate to reported studies investigating the uptake of 
radionuclides (i^^Cs, ^ogr, ^^Sr) by different parts of crop p l a n t s . These studies 
showed that although the amount of accumulated ^ogr varied markedly with plant 
species (maize, wheat, pea, bean, lettuce, radish, carrots), the greatest accumulation 
of 90Sr invariably occurred in the leaves. The accumulation of ^oSr in the fruits was 
much less than other parts of the plant. In contrast, for the greatest
accumulation occurred in the stems of some plants, with a greater proportion of the 
absorbed being accumulated in the edible roots. There appears to be no clear 
pattern to accumulation of in roots, although it is clear that the uptake of 
i37Cs is more strongly influenced by the soil or substrate than for ^ogj- 
Klechkovsky and Gulyakin studies compared the radionuclide uptake from soils or 
water cultures showed a wide degree of variation for and ^ogr. In water
cultures, the uptake of was greater than ^ogr, whereas it was less than ^ogr 
from a soil s y s t e m . This influence of the growth medium on the uptake of 
radionuclides by plants has been reported by Nishita et al.'^"' In particular the 
chemical properties of the radionuclides and the soil or growth medium influence 
the uptake of and ^ogr by plants. No general conclusive remarks have been
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made in this area for and ^°Sr uptake by plants. This may be due to the fact 
that only a limited number of studies have investigated the influence of organic 
matter content and/or pH of soils.
4.2.4. The Influence o f pH  and Organic Marrer Con ten r o f Soil Type upon Cs and 
Sr Uptake by Bean Plants
In these experiments four different growth media were used, namely, the 
commercial white silica sand, Lightwater garden soil, commercial compost, and 
Rose Batch compost. The organic matter content of these growth media (this was 
measured by dry ashing of the soil at 550°C) are 0,2, 13, 81, and 8 8  % 
respectively.
Germinated beans were placed into four sets of triplicate sample pots; each set 
containing the four different growth media. A standard solution of Cs and Sr (1 pg 
ml‘i, pH = 7) was repeatedly added to the substrate (~1 ml day~^). After a 6  weeks 
period the bean plants and beans were harvested; the plant height (cm), and number 
of beans recorded. In general, the two compost growth media sets produced larger 
plants than the Lightwater soil, and especially when compared with the silica sand. 
There was no apparent difference in the number of bean pods, but the compost and 
soil grown beans had larger and healthier beans and pods. Within each growth 
medium set there was no apparent difference in plant dimensions as a result of the 
Cs and Sr standard solution being added to the substrate of a triplicate set of plants.
Figure 4.4 shows the mean Cs and Sr content (/xg g’^ dry weight) of total bean 
plant as a function of continuous addition of 1 pg d a y \  pH = 7, Cs or Sr standard 
solution to four different substrates (varying in organic content: 0 . 2  to 8 8  %).
It should be clarified that the Lightwater garden soil (organic content 13 %) is 
not a typical mineral soil, but contains a component of plant ash (introduced as a 
natural fertiliser to aid vegetable growth in the garden), and the two commercial 
composts have very high organic matter levels (compost, 81 %; Rose Batch, 8 8  %) 
as they contain large amounts of mixed plant humus or crushed bark material. The 
two composts were used as plant growth media to represent surface soil containing 
humic substances, typical of soils found in forested areas.
155
Sand Soil R o se  C om post  
Type of grovvlh media
e  600
CO 400
Sand Soil R o se  C om post  
Type of grovvlh media
Figure 4,4. Mean of Cs and Sr content (pg g~\ dry weight) of total bean plant as a 
function of continuous addition of 1 pg d a y ^  pH = 7, Cs or Sr standard solution 
to four different substrates (varying in organic content: 0 . 2  to 8 8  %).
The results in Figure 4.4 show that at pH 7 strontium is more readily absorbed 
from the high organic matter growth substrates (commercial compost and Rose 
Batch compost). In contrast the lower organic matter content silica sand and 
Lightwater garden soil resulted in lower Sr uptake by the bean plants. A similar 
pattern between Cs plant uptake and organic matter content of the growth media 
exists, except for the commercial Rose Batch compost.
These results confirm the importance of the organic matter content in 
influencing, or even regulating the mobility and uptake of trace elements from the 
substrate or growth media. The above uptake patterns for Cs and Sr (at a regulated 
pH of 7) are in basic agreement with the limited number of reported values obtained 
for plant uptake of radioactive materials from s o i l s . S o m e  studies that 
investigated the influence of added organic matter to soils on the uptake of ^°Sr 
reported variable results. The addition of small quantities of organic matter (up to 2
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% by weight) to the soil and for growing tomato plants resulted in an increase on 
the uptake of ^%r. Further addition of organic matter caused a decrease in ^^Sr 
u p t a k e S i m i l a r  results were obtained for barley and lettuce plants.
The physical characteristics of the organic matter also strongly influences the 
uptake of radionuclides. Another study reported a 25 % greater uptake of ^^Sr by 
sugar beat, rye, and barley where the organic matter was applied as plant stubble 
which was subsequently flowed into the soil. It appeared that the applied ^^Sr 
adsorbed onto the herbage which following flowing resulted in the ^^Sr being more 
readily available to the plants.
Another factor that should be considered in relation to the results shown in 
Figure 4.4 is the possible influence of the high organic matter content of the two 
commercial composts. The commercial compost resulted in enhanced uptake of both 
Cs and Sr, whereas the Rose Batch compost dramatically increased Sr but only 
moderately influenced Cs uptake by the bean plant. It is suggested that these 
observations related to both the different physical and chemical characteristics of the 
two compost growth media. In particular the Rose Batch compost contains a high 
proportion of crushed bark material whereas the other compost is made from a 
mixture of plant and animal matter. They will therefore also have significantly 
different levels of humic substances, organic acids, etc. which will directly 
influence the complexing and chelation of Cs and Sr.
In general, whilst the organic matter content of the substrate is very important in 
relation to the uptake of Cs and Sr by plants, variations will occur depending on the 
composition of the organic matter. Another aspect (but not investigated in these 
experiments) is that the organic matter content of soils will influence soil moisture. 
One study showed that with an increase of soil moisture there is a higher uptake of 
radiostrontium in plants.
In the previous experiment investigating the uptake of Cs and Sr as a function of 
added elemental content of the substrate using silica sand, it was observed that there 
is a possible discrimination factor for bean plants between the uptake of Cs and Sr. 
This was confirmed in this experiment with the continuous addition of 1 pg dayi 
standard solution at pH 7 to all four different growth media. The concentration in 
the total bean plants (irrespective of substrate) for Sr ranged from 170 to 920 pg 
g-i (dry weight), whereas for Cs it was 1.7 to 11 pg g-i (dry weight).
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The bean plant distribution of Cs and Sr in relation to the continuous addition of 
5 pg day-^ Cs or Sr standard solution to the commercial compost substrate (Figure 
4.3) showed that the majority of the accumulated Sr was found in the leaves and 
stem of the bean plants. Caesium tended to accumulate in the plant stem material. 
For both materials there was limited accumulation in the bean samples.
Figure 4.5 shows the percentage levels of Cs or Sr measured in bean plant 
leaves/stem, roots, or beans following the continuous addition of 1  pg day^ 
standard solution (pH 7) to the four different growth media.
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Figure 4.5. Percentage levels of Cs or Sr measured in bean plant 1 eaves/stem, 
roots, or beans following the continuous addition of 1  pg day^ standard solution 
(pH 7) to the four different growth media.
Therefore, the results of the previous study are confirmed, in that Sr is readily 
mobilised from the substrate into the aboveground components of the bean plant 
(leaves/stem). Higher Sr levels were measured in root material only for the low 
organic matter substrates (silica sand and Lightwater garden soil). A similar pattern
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is observed for Cs uptake by the bean plants, although a greater proportion is found 
in roots relative to aboveground components. Overall, both elements have a very 
limited accumulation in the bean samples irrespective of the growth medium.
Having confirmed the importance of the organic matter content of the substrate 
on Cs and Sr plant uptake it was noted in various reports that another important 
property possibly influencing the plant uptake of radioactive materials from soils is 
pH.
4.2.5. The Influence o f Solution pH on the Bean Plant Uptake o f Cs and Sr
In natural soil conditions, pH ranges most often between 5 and 7.1% Under 
extreme conditions of environmental changes, such as, acid rain or waterlogged 
soils, the pH range can vary beyond 5 and 7. In general, the concentration of trace 
elements is lower in solutions of alkaline and neutral soils than in those of light acid 
soils. Usually the most mobile fractions of metal ions occur at a lower range of pH. 
This is because pH directly relates to the solubility of trace elements in soils and has 
a significant influence on their migration and bioavailability to plant systems.
In the previous experiments, the four growth media (silica sand, Lightwater, 
garden soil, commercial Rose Batch compost and compost) have the following 
pH 's; 7.8, 6.2, 6 . 8  and 6.9, respectively. Since both physical and chemical 
characteristics of these materials strongly influence the plant uptake of trace metals 
it was felt that a study on substrate pH would be difficult to assess. However, the 
chemical reactions of metal ions (hydrolysis, organic or ligand complexing, etc.) 
and therefore, bioavail ability and uptake by plants, occur in the soil solution. The 
following experiment was therefore undertaken to evaluate the influence of solution 
pH on the uptake of Cs and Sr by bean plants.
Germinated beans were placed into sample pots containing each of the four 
different growth media, and separated into three groups of different pH, namely, 
4, 7, and 9. A pH matched solution of Cs and Sr (1 pg mk^) was continuously 
added to the various substrates ( ~ 1  pg day^) for a period of 6  weeks, at which time 
the bean plants and beans were harvested. The plant height (cm) and number of 
beans were similar to those reported in section 4.1.4 for the plants grown with a 
standard solution of pH 7. There was no observed difference in plant size or quality 
as a result of the standard solution pH.
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Figure 4.6 shows the Cs and Sr concentration {pg g - \ dry weight) of total bean 
plants as a function of standard solution pH (4, 7 or 9) added continuously at a rate 
of 1  pg day- 1  to four different growth media.
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Figure 4.6. Cs and Sr concentration {pg g - \ dry weight) of total bean plants as a 
function of standard solution pH (4, 7 or 9) added continuously at a rate of 1 pg 
day- 1  to four different growth media.
The uptake of Cs and Sr following the addition of standard solutions at pH 7 
and 9 showed a similar pattern, namely, the highest accumulation of Cs and Sr 
occurs for pH 7 in relation to the compost > Rose Batch compost > Lightwater 
garden soil or silica sand growth media. The unexpected results relate to Cs and Sr 
uptake at pH 4. Lower levels were found in both of the high organic matter 
commercial compost growth media.
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As previously stated the most mobile fractions of metal ions occurs at a lower 
range of pH. It would therefore have been expected that the pH 4 standard solution 
of Cs and Sr should have produced the highest uptake and accumulation by the bean 
plants. The results of the experiment may in fact be due to the complex physical and 
chemical composition of the two commercial compost substrates. In particular, it is 
suggested that the high levels of humic substances in these composts may have 
strongly influenced Cs or Sr uptake. The solubilities of humic acid and its 
complexes with many trace elements (Fe, Cu, Ni, Cd, Cu and Mn) are often the 
reverse of those predicted for inorganic solubilities which can lead to solubilization 
at high pH (range 3 to 9.5) and precipitation at low pH (range 3 to l).is 8  Therefore 
this may explain the observed results of these experiments.
4.2.6. Summmy o f Glasshouse Experiments
The glasshouse experiments have confirmed the following:
(1) The rate of Cs and Sr uptake by bean plants steadily increases in response 
to added elemental doses to substrate (silica sand).
(2) The distribution of Cs and Sr into the bean plant tissue resulting through 
absorption from commercial compost showed that Cs is absorbed mostly in the stem 
94.6 % and with minimal levels in root and leaf 2.6 %. Strontium is readily 
absorbed to the aboveground parts of the bean plants (63 % in leaves; 36 % stem) 
in contrast to other parts; 0.3 % root and 0.05 % beans.
(3) Caesium and strontium are more readily absorbed at pH 7 from the high 
organic matter growth substrates (commercial and Rose Batch composts), and at 
reduced levels for low organic matter content media (silica sand and Lightwater 
garden soil).
(4) The influence of solution pH on the uptake of Cs and Sr by bean plants 
showed that the highest accumulation of Cs and Sr occurs for pH 7 in relation to the 
commercial compost > Rose Batch compost >  Lightwater garden soil or silica 
sand.
These experiments related to bean plants covering the growth period from 
germination to 6  weeks. The next section reports a similar series of experiments for 
the growth period of 6  to 1 0  weeks.
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4.3, Laboratory Growth Cabinet Experiments
A purpose built perspex laboratory growth cabinet (1.25 x 0.90 x 0.74 m) was 
used, located in a position with regulated temperature (~20°C) and indirect 
sunlight. Experiments were cai'ried out from August to September, 1993.
4.3.1. Experimental Design
Experiments were conducted in the laboratory growth cabinet and not the 
glasshouse because during this 6  to 1 0  weeks period there was a wide variation in 
outside temperatures which could have directly influenced the bean plant uptake of 
Cs and Sr. Beans were germinated, as mentioned in section 4.2.1, and transferred 
to plant pots (-300 g of commercial garden soil). Plants ( 6  weeks after germination) 
were placed on plastic growth trays in the perpex laboratory growth cabinet (with 
individual pot water collection trays). The cabinet temperature was maintained at -  
20°C during the experiments. Throughout the growth period the plants received 
only tap water. No nutrient solution was applied to the plants.
The following experiments were undertaken during the 6  to 10 weeks bean plant 
growth period to evaluate:
(i) the uptake of Cs and Sr as a function of a single added element dose to the 
substrate,
(ii) the uptake of Cs and Sr as a function of added elemental content of the 
substrate at different pH's and,
(iii) the uptake of Cs and Sr by bean plants in the presence of K and Ca 
influenced by varying pH
The experiments involved the addition of Cs and Sr standard solutions at 
different concentrations and pH levels. Each standard solution was added to three 
"replicate" plants and the dimensions of the plant were recorded (length, cm; root 
length, cm; and number of beans). Experiments were carried out in the perspex 
laboratory growth cabinet with random placement and constant rearrangement of 
pots to avoid variations due to exposure to sunlight. After the designated growth 
period for each trial (4 weeks), the plants were separated from the substrate, washed 
with deionised water and the plant dimensions recorded. Plants were then separated 
into leaves, stem, roots, and beans, and dried at lOO'^C for 12 hours. All dried 
samples were weighed and dry ashed in a muffle furnace (100°C for 30 minutes,
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200°C for 30 minutes, 400®C for 2 hours, and finally 500°C for 6  hours). The 
homogenised ash was weighed, and the internal calibration standard (In at a 
concentration of 100 ng mk^ in 1 % HNO3) was added and samples were diluted to 
20 ml before analysis by ICP-MS.
4.3.2. Uptake o f Cs and Sr as a Function o f a Single Added Dose to the Substrate
A study was undertaken in order to evaluate the uptake of added Cs and Sr by 
bean plants grown in a commercial garden soil (50 % organic matter content and 
pH 7.4). Bean plants ( 6  weeks after germination) were spiked with different 
standard solutions of Cs and Sr at concentrations of 0, 200, 500, 700, and 1000 pg 
m k \ solution pH of 7. A 1 ml aliquot of standard solution was added to triplicate 
sample pots. Each individual sample pot was watered (~5 ml day^) with tap water 
(typical elemental levels of 0.16 ng mk^ Cs, 12 ng mk^ Sr, 18 pg mk^ Ca, and 2.5 
pg m l'i K). The bean plants were subsequently harvested after 4 weeks.
Figures 4.7 and 4.8 show the caesium and strontium content {pg g"\ dry 
weight) of total mature bean plants as a function of a single added standard solution 
dose (/xg), pH 7, to the substrate (commercial garden soil). The results are reported 
for total bean plants in order to compare the results with those previously obtained 
in the glasshouse experiments using silica sand as the substrate (Figures 4 . 1  and 
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Figure 4.7. Cs content {pg g-', dry weight) of total mature bean plants as a function 
of a single added standard solution dose (/xg), pH 7, to the substrate (commercial
garden soil)
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Figure 4.8. Sr content {pg g ' \  dry weight) of total mature bean plants as a function 
of a single added standard solution dose {pg), pH 7, to the substrate (commercial
garden soil)
In general, the rate of Cs and Sr uptake by the mature bean plants increases in 
response to the added elemental dose. However, the total bean plant concentrations 
are significantly lower when compared with the post-germination period grown bean 
plants. Also at higher added Cs or Sr doses the mature bean plants still have rapidly 
increasing levels of elemental uptake whereas the younger plants showed a degree 
of saturation (especially for Sr). Similarly, there is a clear discrimination by bean 
plants in their uptake of Sr relative to Cs from the substrate (Sr being more readily 
absorbed).
These different rates of elemental uptake between post-germination and mature 
periods for bean plants may in part be related to the type of substrate. However, in 
the previous glasshouse experiments silica sand was a poor substrate in terms of Cs 
or Sr plant uptake (section 4.2.3, Figure 4.4) when compared with soil or compost 
substrates. Therefore, if there is an effect it would suggest that the total bean plant 
Cs or Sr concentrations would be even higher for the younger bean plants.
Before discussing other possible factors influencing the different rates of 
elemental uptake between post-germination and mature bean plants, the bean plant 
distribution of Cs and Sr must be investigated for mature plants.
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4.3.3. Mature Bean Plants Distribution o f Cs and Sr in Relation to Added 
Elemental Content o f Substrate at Varying Solution p H ’s
An experiment was undertaken to evaluate the mature bean plant distribution of 
Cs and Sr following the single addition of 200 /xg, solution pH of 7, grown in 
commercial garden soil. After a period of 4 weeks plants were harvested.
Figure 4.9 shows the distribution of Cs and Sr (/xg g ' \  dw) in root, stem, leaf, 
and bean for 200 /xg single dose at a solution pH of 7.
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Figure 4.9. Distribution of Cs and Sr (/xg g - \ dw) in root, stem, leaf, and bean 
for 200 /xg single dose at a solution pH of 7, to the substrate (commercial garden
soil)
The results show that for the commercial garden soil substrate the distribution of 
Cs and Sr in mature bean plants is mainly in the aboveground parts (stem and 
leaves). It can also be observed that for mature plants the distribution in beans and 
roots is higher compared with those obtained in bean plants grown in commercial 
compost substrate (Figure 4.3). In general, the total concentrations in this 
experiment are significantly lower than the total values of concentrations for 
younger plants. It is important to remark that the bean plants grown in commercial 
compost were continuously spiked with the standard solution (5 /xg d ay ') , whereas
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in this experiment, only a single spike was used. Although the final doses for both 
growth media are very similar (post-germination beans 2 1 0  /ng, mature beans 2 0 0  
/ng), the total concentrations are different. A possible reason for this, may be the 
difference in organic matter content in the commercial compost (81 %) and the 
commercial garden soil (50 %), and also the rate of uptake in mature bean plants is 
different compared with post-germinated bean plants.
In order to evaluate the effect of different single doses added to the substrate 
(commercial garden soil) on the uptake of Cs and Sr by bean plants the same 
experiment was repeated using 200, 500, 700, 1000 fxg g~^  (Figure 4.10) at a 
solution pH of 7.
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Figure 4.10. Distribution of Cs and Sr (/xg g-1, dw) in root, stem, leaves and 
bean for different doses at solution pH 7, to the substrate (commercial garden soil)
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The distribution of caesium and strontium in the different parts (root, stem, 
leaves and beans) of the mature plant generally varies with dose added to the 
substrate, for the various plant components. Only leaves show a clear pattern of 
increased elemental content with dose added to the substrate. This observation for 
mature bean plants may reflect changes in elemental uptake and accumulation for 
root and aboveground components (leaves/stems). Various studies have reported 
that fot older plants trace metals are often deposited into the old leaves or leaf 
s h e a t h s , A t  higher doses of Cs and to some degree of Sr, there is also increased 
elemental levels in the bean samples. This is in contrast to the younger plants 
(Figure 4.3) where very little Cs or Sr was deposited into the bean plant developing 
beans. Various plant species transfer nutrients to their seeds during the latter stages 
of development so that when the growth cycle restarts with the seed (or in this case 
beans) nutrients are available from the endosperm to the developing seedling. 
Therefore the higher Cs and possibly Sr levels in the beans of mature plants (Figure 
4.1) is not surprising.
The evaluation of varying doses at different pH's was also undertaken in this 
experiment. Figure 4.11 shows the Cs and Sr concentrations (/xg g'O of total mature 
bean plants as a function of single doses of standard solution ( 2 0 0  to 1 0 0 0  /xg), for 
pH 's (4, 7, 9), grown in commercial garden soil.
167
g  0.8 -
O 0.4 -
pH
ED20Ü[jg QSOCipg {ZI700 pg OIOOÛ pg
250
200  -
50 -
pH
E3200 pg 0 5 0 0  pg 0 7 0 0  pg QlOOOpg
Figure 4.11. Cs and Sr concentration {fig g '^  dw) of total mature bean plants as 
a function of single doses of standard solution (200 to 1000 /^g), for pH's (4, 7, 9),
grown in commercial garden soil
The rate of Cs and Sr uptake by mature bean plants (i.e. 6  to 10 weeks after 
germination) increases in response to added elemental doses to substrate at all three 
pH levels in a garden soil growth medium. These experiments confirmed the results 
obtained in the glasshouse. In general, the total uptake of Cs and Sr was higher at a 
pH 7 than at pH 9. The lower total bean plant uptake was observed at a pH 4 which 
agrees with the results obtained in section 4.2.5 (Figure 4.6). It has also been 
demonstrated that the total mature bean plants uptake is lower than that of younger 
plants. The bean plant distribution of Cs and Sr in relation to the single addition of 
200, 500, 700, and 1000 fig g‘* standard solution to the commercial garden soil was 
carried out at different pH levels, namely 4, 7 and 9. Figures 4.12 and 4.13 show 
the percentage levels of Cs and Sr measured in mature bean plants, roots, 
stem/leaves, or beans following the single addition of various doses to the three 
different pH's.
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F igure 4 .12. Percentage levels of Cs measured in mature bean plants grown in
commercial garden soil (roots, stem/leaves, or beans) following the single addition
of various doses (200 to 1000 /xg) at three different solution pH 's (4, 7, 9)
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Figure 4.13. Percentage levels of Sr measured in mature bean plants grown in
commercial garden soil (root, stem/leaves, or beans) following the single addition
of various doses (200 tO 1000 jug) at three different solution pH 's (4, 7, 9)
170
In general the following patterns were observed:
(i) the percentage accumulation of Cs or Sr, irrespective of dose and pH of 
added standard solution, is greatest in the aboveground plant parts (stems/leaves);
(ii) only small amounts of Cs or Sr are found in roots (although at very high 
doses of Cs for both high and low pH there is a slight increase);
(iii) at low added elemental doses a higher percentage accumulation of Cs 
rather than Sr occurs in bean samples, especially for increasing solution pH;
(iv) at higher added elemental doses and high solution pH there is increased 
percentage accumulation of Sr in beans;
(v) at higher added elemental doses and lower pH's there is increased 
percentage accumulation of Cs in beans.
These results are in general agreement with those for the glasshouse experiments 
using post-germination bean plants, although more information about elemental 
dose effects is obtained in this study. As found with other studies Sr is not readily 
accumulated by roots with the highest concentrations being reported for the tops of 
plants.^®* The effect of added solution pH on the accumulation of Sr in stems or 
leaves is not clear, although for most doses the percentage levels are consistently 
higher at pH 7 (which is in agreement with the continuous dose application of Sr to 
the substrate of post-germination bean plants, Figure 4.6). Another observed effect 
of pH on the percentage accumulation of Sr by mature bean plants is the increased 
concentration found in beans at higher elemental doses and solution pH's. Other 
studies have shown that the lowest mean content of Sr are found in the grains or 
seeds of the plants. However, under conditions of high Sr additions to the substrate 
and changing pH, it appears that Sr may be transported to the seeds. This finding 
needs to be confirmed as it implies that the radionuclide 9°Sr may also under such 
conditions accumulate in plant seeds, which are often harvested as foodstuffs.
This study also confirms that for certain plants Cs is also relatively easily taken 
up by plants, although in contrast to Sr, there may be some accumulation by 
r o o t s ( t h i s  generally tends to be by lettuce or barley). The higher percentage 
accumulation of Cs in the aboveground part of mature bean plants is confirmed by 
other studies. They have also reported that Cs is deposited in old leaves.'^’- The 
enhancement uptake of Cs in bean samples with increased element dose at lower 
solution pH's (which is in contrast to Sr at higher solution pH's) is an interesting 
observation. This tends to suggest that the transport and uptake of these two 
elements by seeds at increasing elemental doses is pH dependant. This relationship 
between the rate of plant availability of certain trace elements and changes in pH of
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the root ambient solution have been reported. However these changes normally 
relate to root uptake, and not seed uptake.
Whilst dose and pH obviously influence trace element uptake and accumulation 
in mature bean plants, availability is also reported to be strongly influenced by the 
presence of other ions, especially K on Cs, and Ca on S r.’^ ^
4.3.4. The Uptake o f Cs and Sr in the Presence o f K and Ca Influenced by 
Vaiying pH
A study was undertaken for the uptake of Cs and Sr by bean plants in the 
presence of calcium and potassium with variation of the solution pH (from 4 to 9). 
This was evaluated with bean plants grown in commercial garden soil. Bean plants, 
6  weeks after germination, were spiked with a standard solution of 100 pg of Cs or 
Sr, 2000 pg of K or 1000 pg of Ca respectively, for different solution pH's, namely 
4, 5, 6 , 7, and 9. Similarly, a different set of plant pots was used as a control, 
containing the same solution pH's and concentration of Cs or Sr but without K or 
Ca. After 10 weeks, the plants were harvested and analysed by ICP-MS. There was 
no apparent moi*phological effect of Ca and K on the growth of the mature bean 
plants. The mean plant height and bean size were similar for both plant pot groups 
i.e. with and without the addition of Ca and K. For the measurements of K and Ca 
by ICP-MS, there was a problem of peak tailing which interferes with die 
measurements of neighbouring peaks (Figure 4.14).
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Figure 4,14. A spectrum of deionised water showing the tailing of "^ ®Ar
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Figure 4.14 shows that the tail from "^ ^Ar clearly interferes with the 
determination of both and isotopes, and also ^°Ca and "^ "^ Ca isotopes. Since 
it was impossible to measure these elements by ICP-MS it was decided to evaluate 
their concentrations using atomic absorption spectroscopy. Figures 4.15 and 4.16 
show the effect on the mature bean plant uptake of Cs or Sr in the presence of K or 
Ca grown in commercial garden soil. Standard solutions were over the pH range of 
4 to 9.
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Figure 4.15. The effect on the total mature bean plant uptake of Cs in the 
presence of K, grown in commercial garden soil
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Figure 4.16. The effect on the total mature bean plant uptake of Sr in the 
presence of Ca grown in commercial garden soil
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Figure 4.15 shows that the uptake of Cs is highest at a pH 6  (and possibly 5 and 
7), and the lowest uptake of Cs was shown to be at pH 4 for those plants spiked 
only with Cs standard solution. This is in agreement with the previous experiments 
carried out in the laboratory measuring the effect of different Cs doses on mature 
bean plants (section 4.3.3). It can also be seen that in general, for all pH's 
potassium regulates the uptake of Cs. Figure 4.16 shows that there is an increase of 
Sr uptake at higher pH's (6 , 7 and 9) for those plants spiked only with Sr standard 
solution. This is also in agreement with previous experiments (section 4.3.3) in 
which the levels of Sr were highest at pH 7, although there was not a clear pattern 
for other pH's. On the other hand, when plants were spiked with Sr and Ca, there 
appears to be a competition between them at high pH's which results in a rapid 
reduction in Sr uptake.
It is not only important to evaluate the effect that K and Ca have on the uptake 
of Cs or Sr in mature bean plants, but also to assess the distribution of these 
elements within the different compartments of the plant, namely roots, stem/leaves 
and beans (Figures 4.17 and 4.18). The plant Cs or Sr distribution patterns are also 
shown in Figures 4.19 and 4.20 for the other solution pH's (4, 5, 6 , and 9).
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Figure 4.17. Percentage levels of Cs and Cs in the presence of K measured in 
mature bean plants grown in commercial garden soil (roots, stem/leaves or beans) 
following the single addition of 100 pg at solution pH 7
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Figure 4.18. Percentage levels of Sr and Sr in the presence of Ca measured in 
mature bean plants grown in commercial garden soil (roots, stem/leaves or beans) 
following the single addition of 100 pg at solution pH 7
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Figure 4.19. Percentage levels of Cs and Cs in the presence of K measured in
mature bean plants grown in commercial garden soil ( roots, stem/leaves, or beans)
following the single addition of 100 pg at different solution pH (4 to 9)
176
pH 4
100
80iI  GO
5  40 
20
Leaf/Stem Root Bean
jmsr iSr-Ca
pH 5
100 
80 
I 60
Ô 40 
20 
0 Leaf/Stem Root Bean
[^Sr mSr-Ca]
pH 6
3 60
Q 40
Leaf/Stem Root Bean
iSr I Sr-Ca •
pH 9
3 60
Q  40
Leaf/Stem Root Bean
ISr #  Sr-Ca)
Figure 4.20. Percentage levels of Sr and Sr in the presence of Ca measured in
mature bean plants grown in commercial garden soil (roots, stem/leaves, or beans)
following the single addition of 100 pg at different solution pH (4 to 9)
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The results in Figure 4.17 show that at a solution pH of 7, Cs is predominantly 
accumulated in the stem/leaves. This distribution pattern was observed in the 
previous studies at high Cs doses. The addition of K (2000 pg) to the mature bean 
plant results in the mobilisation and uptake of Cs by beans.
Figure 4.18 shows a similar pattern for Sr compared with the Sr dose 
experiments in Figure 4.13. It also shows that with the addition of Ca there is a 
decrease in uptake of Sr by leaves/stems and an increase in the uptake of Sr by 
beans.
As can be seen from the results in Figure 4.19, Cs is accumulated mainly in 
leaves/stem at all pH 's as it was shown for the experiments at different doses. On 
the other hand when potassium is added there seems to be a pH effect, showing that 
at a higher pH ( 6  and 9) Cs is mobilised from the stem/leaves to the beans. This 
was observed for the experiments shown in Figure 4.12, which were undertaken at 
low Cs doses of 200 pg, whereas in this experiment only 100 pg were used.
The pattern for Sr (Figure 4.20) is similar to Cs. This means that Sr is 
accumulated mainly in stem/leaves. With the addition of Ca there is a pH effect, 
which shows that at higher pH (9) there is mobilisation of Sr to the beans.
These experiments confirm that the uptake of certain elements can be influenced 
by the presence of chemically similar trace elements. Various studies have reported 
the influence of plant discrimination between Cs and K or Sr and Ca, for example, 
Sr is more strongly absorbed in soil than Ca, and Cs is more strongly absorbed in 
soil than K. The accumulation of Sr may be relatively greater than Ca in plants. It 
can be concluded that the concentrations of other labile cations (K or Ca) markedly 
control the absorption of Cs and Sr. Potassium is a nutrient cation which, when 
present at high concentrations, markedly reduces the absorption of Cs. In addition 
there are certain complementary ions (NH 4 +, and Rb+) which tend to liberate 
moderate amounts (20-80 %) of the bound Cs+ into a labile form and will be very 
effective in liberating the tightly held ^3?Cs. On the other hand, a second group of 
complementary ions (H + , Na+, Mg-+, and Ba-+) has little effect in releasing the 
tightly held Cs+. They only solubilize or mobile less than 10 % of the added carrier 
free
In general, all elements with an oxidising state 2 +  , such as Sr-+, will be mobile 
in soils. The amount of soluble or exchangeable calcium will has an effect on the
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mobility of Sr in soils. The degree of mobility would then affect the capability with 
which this element is absorbed by plants.
It has been shown that in older plants there is a transfer of nutrients from the 
storage compartments, such as, leaves to the beans. It is apparent in this experiment 
that the addition of Ca which is more readily mobilised at higher pH 's results in the 
mobilisation of Sr to the beans. Radiske and Selders found that strontium in bean 
leaves grown in nutrient solutions generally decreased as pH levels increased. 
Romney indicated that plants grown on alkaline-calcareous soils may take up only 
about one-tenth the amounts of ^°Sr taken up from acidic soils low in Ca.^ "^ ^
It has been demonstrated by Nishita et al that plants treated with clinoptilolite 
reduce their ^°Sr uptake. This was indicated by the fact that while the Ca treatment 
increased the chemical extractability and thus the availability of ^%r in the soil, the 
^®Sr uptake by the plants was decreased. Szabo also showed that with an increase 
in the Ca content of the soil, the strontium uptake of the plants may be significantly 
decreased. A similar pattern was also observed for the uptake of Cs when K was 
added to the p l a n t . O n  the other hand, Wallace showed that increasing potassium 
would not necessarily be an effective means of decreasing uptake of ^^ "^ Cs, since 
nitrate effects in his study seemed to dominate some of the potassium effects.
4.3,5. Summary o f Laboratory Growth Cabinet Experiments
The laboratory growth cabinet experiments have confirmed the following:
(1) The rate of Cs and Sr uptake by mature bean plants rapidly increases in 
response to added elemental doses to the substrate (commercial garden soil).
(2) The distribution of Cs and Sr in mature bean plants as a result of elemental 
addition to commercial garden soil showed that Cs and Sr are absorbed mainly 
into the aboveground parts (stem and leaves). It was also shown that these 
distributions generally vary with dose added to the substrate.
(3) The influence of solution pH on the uptake of Cs and Sr by mature bean plants 
showed that higher accumulation of Cs and Sr occurs at pH 7 then pH 9. The 
lower total bean plant elemental uptake was observed at pH 4.
(4) It has also been demonstrated that caesium and strontium uptake by mature 
bean plants is lower than that of younger plants.
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(5) The higher added elemental doses and lower solution pH's showed an increase 
in the percentage accumulation of Cs in beans. In contrast, higher added 
elemental doses and high solution pH's resulted in an increased percentage 
accumulation of Sr in beans.
(6 ) The uptake of Cs and Sr by bean plants in the presence of K and Ca, showed 
that in general, for all solution pH's potassium regulates the uptake of Cs. It 
has also been shown that the addition of K to the mature bean plants regulated 
the mobilisation and uptake of Cs by beans. On the other hand, there appears to 
be competition between Sr and Ca at high pH's which resulted in a rapid 
reduction of the Sr uptake. The addition of Ca decreased the uptake of Sr by 
stem/leaves and increased the uptake of Sr by beans.
4.4. Laboratory Growth Cabinet Experiments With Radioactivity
A purpose built perspex laboratory growth cabinet (0.70 x 0.70 x 0.74 m), 
especially designed for protection when working with radiation (-1.5 cm thick) was 
used. This cabinet was located in a low radioactive counting laboratory and isolated 
with lead bricks. Mature bean plants were grown and placed in the cabinet with 
regulated temperatures (~20®C) and indirect sunlight. Experiments were carried out 
from August to September, 1993,
4,4.1. Expérimental Design
Bean seeds obtained in Mexico City (Flor de Mayo variety) were germinated for 
1 0  days in moist cotton wool placed in 1 0  cm diameter petri dishes at a constant 
temperature of 25°C. The sprouted beans were transferred to plant pots (-300 g of 
growth medium). Plants ( 6  weeks after germination) were individually placed in 
double plastic bags (in order to contain any possible radioactive contamination) and 
then on plastic growth trays in the perspex laboratory growth cabinet. The cabinet 
temperature was maintained at approximately 20°C during the experiments. 
Throughout the growth period the plants received only tap water. No nutrient 
solution was applied to the plants.
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The following experiments were undertaken during the 6  to 10 weeks bean plant 
growth period to evaluate:
(i) the uptake of ^^ '^Cs and ^%r as a function of single added element dose to the
substrate,
(ii) the uptake of ^^ '^Cs and by mature bean plants as a function of added
elemental content of the substrate and varying solution pH, and,
(iii) the uptake of ^ '^^Cs and ^°Sr by the substrate whilst varying the solution pH.
The experiments involved the addition of and ^°Sr standard solutions at 
different activities and pH levels. Each standard solution was added to mature bean 
plants and the dimensions of the plant were recorded (height, cm; root length, cm; 
and number of beans). Experiments were carried out in the perspex laboratory 
growth cabinet with random placement and constant rearrangement of pots to avoid 
variations due to exposure to sunlight. After the designated growth period for each 
trial (4 weeks), the plants were separated from the substrate (no separation into 
different tissues was carried out because the size of the sample would not be enough 
for measurement by the GeLi detector), washed in deionised water and the plant 
dimensions recorded. Plants were dried at 100°C for 12 hours. All dried samples 
were weighed and dry ashed in a muffle furnace (100°C for 30 minutes, 200°C for 
30 minutes, 400°C for 2 hours, and finally 500®C for 12 hours). The homogenised 
ash was weighed, and 2 ml of concentrated HNO 3  was added to dissolve the ash. 
Samples were diluted to 400 ml with deionised water prior gamma ray analysis.
The measurements of ^°Sr were carried out after the separation of 
following the same method used for the stable isotopes (see section 3.10). A pilot 
study was carried out to analysed ^°Sr without any further pretreatment. The results 
showed that the activity was very low. Therefore, it was necessary to preconcentrate 
the samples. In order to concentrate ^%r, 5 ml of carrier (standard solution of 
Sr(N 0 3 ) 2  at a concentration of 1000 pg mk^) were added, along with 5 g of 
NaoC0 3 . Solutions were agitated and then centrifuged at 4500 rpm for 10 minutes. 
The supernatant was separated from the precipitate. The strontium carbonate was 
brought into solution with 10 ml of 2 M HNO 3 . From the 10 ml solution, a 1 ml 
aliquot was taken and the scintillant was added (9 ml) prior to analysis. Samples 
were measured with a liquid scintillator counter for a period of 6  hours and 
corrected for the blank.
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4.4.2. Uptake o f and ^ S r  as a Function o f Single Added Dose to the
Substrate
A study was undertaken in order to evaluate the uptake of added ^^^Cs and ^®Sr 
by mature bean plants grown in commercial garden soil (50 % organic matter 
content and pH 7.4). Bean plants ( 6  weeks after germination) were spiked with 
different standard solutions of ^^^Cs at activities of 0, 2, 5, and 10 kBq, and ^®Sr at 
activities of 0, 0.2, 0.5, and 1 kBq, pH solution of 7. Aliquots of 4.16, 2.08 and
0.83 ml of a standard solution of CsCl (activity of 2.40 kBq mk^) were added to 
each sample pots, to provide the required activities (2, 5 and 10 kBq, respectively). 
Similarly, aliquots of 0.66, 0.33, and 0.13 ml of Sr(NOg) 2  (activity of 1.5 kBq) 
were added to each pot to provide activities of 0, 0.2, 0.5, and 1 kBq, 
respectively.
Each individual sample pot was watered (~5 ml dayO with tap water (typical 
elemental levels of 0.16 ng ml'i Cs, 12 ng mk* Sr, 18 ^g mk^ Ca, and 2.5 fxg mk^ 
K). The bean plants were subsequently harvested after 4 weeks.
Figures 4.21 and 4.22 show the ^^^Cs and ^°Sr activity, respectively, of total 
mature bean plants as a function of a single added standard solution dose (kBq), pH 
7, to the substrate (commercial garden soil).
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Figure 4.21. ^^ ’^ Cs activity of total mature bean plants as a function of a single 
added standard solution dose (2, 5, 10 kBq), solution pH 7, to the substrate
(commercial garden soil).
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Figure 4.22. activity of total mature bean plants as a function of a single 
added standard solution dose (0.2, 0.5, and 1 kBq), solution pH 7, to the substrate
(commercial garden soil).
In general, the rate of ^^^Cs and ^°Sr uptake by the mature bean plants increases 
with added activity. It can also be seen that at higher added and ^®Sr doses the 
mature bean plants still have rapidly increasing levels of radionuclide uptake which 
follows the same pattern obtained with the experiments of stable isotopes. The 
results obtained in these studies showed that the behaviour of radionuclides is very 
similar to the stable isotopes grown in the laboratory, i.e. the uptake of Cs and Sr 
increased rapidly (Figures 4.7 and 4.8). It was also observed that the uptake of 
i37Cs by bean plants in relation to the added activity was generally about 2 0  %, 
whereas in the case of stable Cs the uptake was less than 5 % of the added 
concentration to the substrate (commercial garden soil). In contrast, the uptake of 
^°Sr by bean plants was generally less than 5 % of the added activity, whilst for the 
stable Sr, the uptake was in average 25 % of the added concentration.
4.4.3. The Influence o f Solution pH on the Bean Plant Uptake o f and '^^Sr
The following experiment was undertaken to evaluate the influence of solution 
pH on the uptake of ^^ "^ Cs and ^°Sr by bean plants. Mature bean plants were placed 
into sample pots containing commercial garden soil growth media, and separated 
into 3 pH groups; pH 4, 7, and 9. A standard solution of ^^^Cs was added to each 
of the three pH's at final activities of 2, 5, and 10 kBq. Similarly, ^°Sr was added 
to give final activities of 0.2, 0.5, and 1 kBq. After the growth period from 6  to 10 
weeks, the bean plants were harvested. The plant height (cm) and number of beans 
were similar to those reported in section 4.1.4 for the plants grown with a standard
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solution of pH 7. There was no observed difference in plant size or quality as a 
result of the standard solution pH and/or radioactivity.
Figures 4.23 and 3.24 show the and ^ogr activity (Bq), respectively, of 
total mature bean plants as a function of standard solution pH (4, 7 or 9) added to 
the commercial garden soil.
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Figure 4.23. ^^ '^Cs activity (Bq) of total mature bean plants as a function of 
standard solution pH (4, 7 or 9) added to the commercial garden soil.
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Figure 4.24. ^^Sr activity (Bq) of total mature bean plants as a function of standard 
solution pH (4, 7 or 9) added to the commercial garden soil.
The uptake of and by mature bean plants following the addition of 
standard solution at pH 7 and 9 showed a similar pattern, namely, the highest 
accumulation of Cs and Sr occurs for pH 7 at 10 kBq and 1 kBq, respectively. This 
is in agreement with the results obtained previously with stable isotopes (Figure
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4.11). On the other hand, the lowest uptake of and ^%r by mature bean plants 
was observed at solution pH of 4 for the added activities of 2 kBq and 0.2 kBq, 
respectively. For this study it can be concluded that the solution pH plays an 
important role, as can be seen from the above figures, at pH 7, the uptake of ^^^Cs 
by mature bean plants is high at 5 and 10 kBq added activity, the same pattern can 
be seen for ^®Sr at all three added activities to the substrate (commercial garden 
soil).
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Chapter 5
C o n c lu sio n s
The first aim of this work was to investigate the application of inductively 
coupled plasma mass spectrometry for the analysis of caesium and strontium in 
foodstuffs, such as beans, milk, spices, chillies, etc.. Instrumental operating 
parameters were optimised using a synthetic solution of Cs, Sr and Y at 100 ng 
ml'C It was observed that an incident power of 1.1 kW and a nebuliser flow rate of 
1 1  min-i gave a maximum signal. It was also found that at least 100 seconds should 
be allowed to achieve a complete sample uptake and a stable signal. On the other 
hand, approximately 140 seconds should be allowed for washout and for the signal 
to drop to background levels.
The accuracy of the ICP-MS measurements was assessed through the use of 
international reference materials NIST:SRM 1572 Citrus Leaves and NISTiSRM 
1573 Tomato Leaves. In general a good agreement was observed for most of the 
elements between the certified values and the results obtained in this study. For 
example, the certified value for Sr is 100 ± 2 /xg g'^ compared to the experimental 
value 102.1 ±0 .1  (xg g'L Similarly the detection limits of the instrument provided a 
good agreement between the literature values and those obtained in this study, 
typically 0.02, 0.04 and 0.02 ng mk^ for Cs, Sr and Y, respectively. Under these 
conditions precision values of 5 % or less were observed for most elements.
In this work an ion exchange chromatography procedure was developed for the 
separation of Cs, Sr, and Y in foodstuffs. Preliminary experiments were carried out 
on a BioRad AG 50W-X8 resin. The optimum conditions for this resin were found 
to be as follows: 2 g of the resin used in conjunction with a mobile phase (HCl) 
flow rate of 2 ml iniirL The number of exchangeable counter ions per gram of the 
ion exchanger (the capacity of the resin) was 4.16 meq per gram. Under these 
conditions the retention times were evaluated for Cs, Sr and Y using different 
molarities of HCl, namely, 2.5, 4 and 6  M. The results showed that all three 
elements eluted more rapidly with higher concentrations of HCl. However, for each 
of these HCl concentrations the retention times of these elements were very similar. 
Thus no separation could be achieved.
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Using lower HCl acid concentrations it was observed that Cs was eluted with 1 
M HCl, whilst Sr and Y were still retained on the column. Strontium was 
preferentially eluted using 1.5 M HCl, whilst Y was eluted using 2 M HCl. The 
elemental recoveries using these conditions were 65.1, 52.4 and 68.4 % for Cs, Sr 
and Y, respectively. Further investigations regarding the concentration of HCl used 
for eluting Y showed that increasing the acid molarity will significantly improve the 
recovery i.e. 2.5 M HCl, lead to a 76 % recovery whilst 90 % was obtained with 4 
M HCl. However, the low recoveries obtained for Cs and Sr demonstrated that the 
BioRad AG 50W-X8 resin has a limitation for the gradient separation of the three 
elements. Therefore, an inorganic exchanger, ammonium molybdophosphate (AMP) 
was used to improve the separation and recovery for Cs.
The capacity of this AMP inorganic exchanger was determined. The result 
obtained was 1.6 meq (211 g) of Cs per gram of AMP. The optimum time for the 
absorption of Cs by AMP was found to be 2 hours. At this stage the percentage Cs 
absorption was greater than 90 %.
The selectivity of combining AMP with the BioRad AG 50W-X8 resin for Cs 
was assessed by using a Cs, Sr, and Y standard solution at 1 fxg ml~L The 
recoveries as evaluated after elution with 50 ml of 2 M NH4OH were 90 % for Cs 
and < 1 % for Sr and Y. The use of this inorganic exchanger (AMP) in 
conjunction with the BioRad AG 50W-X8 resin has significantly enhanced both 
selectivity and recovery of the Cs separation.
A crown ether (Sr-Spec®) was used to improve the separation and recovery of 
Sr. The selectivity of this resin was tested through the evaluation of the recovery 
using a standard solution of Cs, Sr, and Y at a concentration of 1 /xg mPL The 
elution of Cs and Y was carried out using 4 M HCl, while Sr was still retained. 
Strontium was then eluted using 50 ml of deionised water. The results showed a 
very good selectivity for Sr and an improvement in recovery from 52.4 % (gradient 
elution using BioRad AG 50W-X8) to 93 % (Sr-Spec®). The recoveries for Cs and 
Y were <  10 %.
Since the use of the aforementioned resins showed an improvement in the 
recoveries for each individual element, an attempt was carried out to use these 
resins in a sequential order for the separation of Cs, Sr and Y. Different orders in 
the sequential use of the resins were evaluated to provide the best recoveries and
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optimum time. The best sequence was in the following order, 
AMP/BioRad/Sr-Spec. The developed separation technique consisted of three 
stages. In the first stage ammonium molybdophosphate (AMP) and BioRad AG 
50W-X8 resins were used. Caesium was separated from the other two isotopes 
using 2 M NH 4 OH. In the second stage Sr and Y were eluted from the above 
mentioned column using 4 M HNO 3 , The solution was then loaded onto a Sr-Spec® 
column where Sr is retained. In the third stage Sr was eluted from the column using 
deionised water. This setup provided excellent recoveries for the three stages 
namely: 85 % for Cs, 93 % for Y and 95 % for Sr.
As an application of this developed ion exchange chromatography procedure, 
the method was assessed for biological materials, namely, bean and milk samples. 
The elemental recoveries obtained for bean samples were as follows: 98 % for Cs, 
80 % for Sr, and 89 % for Y. Similarly, the results obtained for milk samples were 
96 %, 87 % and 8 8  % for Cs, Sr and Y, respectively. This study is unique in that, 
to date, nobody has reported the sequential use of these resins for the separation 
and/or preconcentration of Cs, Sr and Y.
In this work, a pilot study was conducted in order to assess the coupling of the 
ion exchange column to the ICP-MS instrument (lEC-ICP-MS). This was achieved 
by on-line dilution prior to sample introduction into the nebuliser. This technique 
was successfully used for the determination of elution peaks for Cs, Sr and Y using 
synthetic solution. The advantages of the aforementioned coupling are minimal 
handling errors since no pretreatment of the aliquots is necessary, and a significant 
reduction of the total analysis time for the determination of elution peaks.
Once radioactive Cs and Sr are released into the environment, they will 
eventually come into chemical equilibrium with stable caesium and strontium. 
Therefore, it was important to evaluate the natural content of these elements in the 
basic Mexican diet in order to assess which foodstuffs will be more contaminated, 
in a possible accident, and subsequently advise the population which foods to avoid. 
Therefore, it was important to carried out the analysis of different foodstuffs, such 
as beans, chillies, spices, flours, coffee, spinach, onion, cabbage etc. to evaluate 
the natural content of Cs, Sr and Y. The highest levels of Cs were found in spices, 
chillis and bean samples, 46.2, 26.7 and 14.7 ng g - \ respectively. Similarly Sr 
was also concentrated in spices (32.5 /xg g’ )^, chillies (32.8 fig g-^) and milk (44.6 
Mg g“^ )-
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The developed ion exchange chromatography procedure in conjunction with 
gamma ray analysis was carried out to evaluate the i '^^Cs activity in some of the 
foodstuffs. The accuracy of the ND 6 6  gamma ray spectrometer measurement was 
assessed through the use of IAEA international reference materials, dry milk 
powder (A-14, 321, and 152), clover (156) and soil (SOIL-6 ). In general a good 
agreement was observed between of certified values and the results obtained in this 
study. For example, the certified value for IAEA-152 milk powder is
1854.3 Bq kg'i compared to the experimental value 1878.4 Bq kg L Similarly the 
detection limits of the instrument were evaluated using 2 a  above the background. A 
typical value for ^^ "^ Cs is 0.71 Bq kg k
The results of the gamma ray analysis of foodstuffs showed that the samples 
assessed contained negligible quantities of radionuclides, even for those samples 
collected near the Laguna Verde reactor. In a majority of cases the amount of the 
radionuclides of interest were either below or within a few Bq kg-i of the detection 
limits, which is well below the accepted limits set by the World Health Organisation 
(Appendix II).
A series of experiments were conducted to evaluate the capacity of bean plants 
to take up Cs and Sr from different growth media under greenhouse or laboratory 
conditions. The rate of Cs and Sr uptake by both post-germination and mature bean 
plants steadily increased in response to added elemental doses to the substrate. In 
general, Sr is more mobile than Cs. The distribution of Cs and Sr in the bean plant 
tissues as a result of absorption from commercial compost, showed that Cs is 
translocated mostly to the stem (95 %) with minimal levels ending up in roots and 
leaves (5 %). On the other hand, Sr was readily transported to the aboveground plant 
tissues (36 % stems, 63 % in leaves) in contrast to other parts; 0.3 % roots and 0.05 
% beans. The effect of the organic content of the growth media on the uptake of Cs 
and Sr from a solution at pH 7 shows clearly a direct relationship between these two 
factors. Furthermore, the highest accumulation of Cs and Sr by bean plants occurs 
following the addition of the elements in a solution of pH 7. As expected, increasing 
the pH reduces the elemental uptake. However, on lowering the pH, the expected 
increase in uptake is not observed. This may be due to the high levels of humic 
substances in the growth media which form insoluble Cs and Sr complexes at this 
p H . 158 Finally, it was also observed that caesium and strontium uptake by mature 
bean plants is lower that of younger plants.
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The effect of adding K and Ca was also investigated. It was found that in 
general, for all solution pH's, potassium inhibits the uptake of Cs. On the other 
hand, there appears to be a competition between Sr and Ca at high pH (7 to 9) 
which resulted in a rapid reduction of the Sr uptake. The addition of Ca to the 
substrate decreased the uptake of Sr by stems/leaves and increased the uptake of Sr 
by beans. Similar experiments were carried out on mature bean plants, using 
radioactive ^ '^^Cs and ^%r isotopes. In general, the results followed the same 
patterns observed with the stable isotopes.
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A p e n d ix  I
An example of the Ge(Li) ND 6 6  detector printout.
' 5 - J U N - 9 - 0 4 ! 3 3 ! 2 3 ND66 /ND76  AUTOMATIC PEAK SEARCH (V?)
ID: VEGA RANGEL MOSS TYPE A 8 0 . 8 3  G
ACQ DATE:2 4 - J U N -9 3  20s 3 1 : 3 4
SRCH LIMITS: 1 . 5 8 0  TO 15 7 9 . 4 7 0 KEV
KEV /CM 0 . 3 8 5  ZERO 1.  195 QUAD 0 . , OOOE+OO
FWHM<0) 2 . 0 0 0 0  FWHM/KEV 0 . 0 0 0 0
SENS 3 . 0 0 0 0
LT 2 8 8 0 0  CT 2 8 9 1 9
NET MASS OF SAMPLE 4 0 0 g
PN ENERGY AREA BKGND FWHM LEFT PW CTB/SEC 7.ER
lU 7 . 5 5 7 6 4 0 8 3 2 4 5 0 . 6 1 4 22 2 . 6 5 3 0 . 3 8
2M 4 0 .  88 15 1 8 2 0 4 . 0 8 1 16 14 0 . 0 0 1 4 0 3 . 0 43U 7 7 .  2 7 1 16 9 3 8 1 . 0 6 194 7 0 .  0 0 4 3 8 .  4 8
4 8 4 . 7 6 81 1061 1 . 1 2 2 1 3 7 0 .  0 0 3 5 7 . 9 55M 9 2 . 3 0 142 1 176 1 . 1 9 2 3 2 8 0 . 0 0 5 3 5 .  17
6M 1 3 5 . 4 9 193 1 8 9 9 0 , 7 2 3 4 3 13, 0 .  0 0 7 3 2 .  7 37U 1 6 1 . 6 4 6 0 7 4 4 0 .  48 4 1 4 6 0 . 0 0 2 6 5 . 5 78M 172.85 2 5 2 4 0 0 6 .  69 451 20 0 . 0 0 1 2 7 7 . 8 59M 1 8 6 . 0 2 161 12 3 2 1 . 95 4 7 3 1 1 0 . 0 0 6 31  . 8 210 2 2 2 . 0 5 60 471 0 .87 5 7 0 6 0 .  0 0 2 5 2 .  7 61 IIJ 2 2 9 . 8 8 81 5 9 2 1 . 8 2 591 8 0 „ 0 0 3 4 3 . 9 1
.1 2 2 3 8 . 7 1 2 1 0 8 2 5 1 . 2 3 611 10 0 . 0 0 7 2 0 .  5413M 2 6 6 . 6 5 2 0 3 1 461 1 . 85 6 7 2 23 O. 0 0 7 2 7 . 5 4
14M 2 7 2 . 9 3 53 44A 1 . 89 7 0 2 a 0 .  0 0 2 5 8 .  1215M 2 9 2 . 3 4 57 12 54 0 ,  95 751 22 0 , 0 0 2 8 8 , 8 516LI 3 1 5 . 1 t 58 2 4 9 1 . 44 8 1 2 6 0 .  0 0 2 4 0 . 6 517U 3 2 3 . 0 6 49 3 4 8 0 .  7 0 831 8 0 . 0 0 2 5 5 . 7 018LI 3 5 2 . 0 7 117 4 8 5 1 , 1 4 8 0 5 10 0 .  0 0 4 2 8 .  IS19Ü 3 6 3 . 8 8 28 3 0 0 1.  06 9 3 7 8 0 . 0 0 1 8 9 . 5 0
20M 3 8 3 . 4 1 39 851 1 , 86 9 8 0 23 0 . 0 0 1 1 0 6 . 9 9
21M 3 9 9 . 5 9 15 5 4 0 0 . 4 5 1031 15 0 .  001 2 2 0 . 6 122M 4 0 8 . 3 6 79 4 2 7 3 .  18 1051 14 0 . 0 0 3 3 8 . 6 623U 4 3 9 . 2 7 40 141 1 . 0 9 1134 6 0 . 0 0 1 4 4 . 8 624LI 4 6 9 . 6 4 43 2 0 4 1 . 1 0 1211 8 0 . 0 0 1 4 9 .  3 9
25M 4 7 7 . 3 7 37 4 3 6 8 1 . 51 1 22 8 16 0 . 0 1 3 8 . 9 126M 5 1 0 . 8 9 6 3 9 3 4 2 2 . 2 3 13 14 18 0 .  0 2 2 5 . 6 92 7 5 3 9 . 4 9 16 102 0 .  54 139 4 6_ o , ooi 9 2 .  7 02BLI 5 5 8 , 4 0 2 5 4 2 0 4 1 , 26 1441 1 1 ' 0 .  0 0 9 10. 1329M 5 6 3 . 0 5 19 198 2 . 34 1457 12 0 . 001 1 0 7 . 2 230M 574 .97 88 175 3 ,  00 1 4 8 3 1 4 0 - 0 0 3 2 3 .  7 83tM 5 8 2 , 3 1 97 3 2 3 1 . 2 5 1501 19 0 , 0 0 3 2 8 .  ID32.M 6 0 4 , 7 8 173 1 7 0 1 . 26 1 5 6 0 13 0 .  0 0 6 1 3 . 0 933U 6 0 8 . 9 6 2 3 9 187 1 , 7 6 1 57 2 1 1 0 . 0 0 8 1 0 . 3 63 4  U 6 3 7 . 0 4 30 5 7 0„ 63 16 47 6 0 , 0 0 1 4 0 .  0 03 5 6 6 1 . 6 2 17 48 154 1 . 50 1 7 0 7 14 0 .  061 2 . 5 936M 6 7 7 . 3 9 3 5 1 4 0 4 . 5 1 1 7 4 7 14 0 . 0 0 1 5 0 .  7137M 6 8 1 . 9 2 22 1 10 1 , 75 1763 1 o 0 . 0 0 1 7 0 . 7 1
38Ü 7 1 4 . 6 8 1 8 51 1 . 1 6 1 8 4 9 6 0 0 0 1 6 0 .  8 639Ü 7 2 5 . 1 3 30 51 0 .58 1 87 6 6 0 . 0 0 1 3 8 .  3 04  OU 7 2 7 , 3 1 40 61 1 . 12 1881 7 0 .  OOI 31 . 8 241 7 4 6 , 1 2 72 5 6 0 .  75 1 93 0 7 0 .  001 5 2 . 6 242M 7 7 1 . 9 6 3 3 8 0 2 .  18 1 9 9 7 lO 0 - 0 0 1 4 2 .  10
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2 5 - J U N - 9 3 0 4 :3 3 :2 3 N D 6 6 /N D 7 6  AUTOMATIC PEAK SEARCH (V 2 )
ID; VEGA RANGEL MOSS TYPE A 8 0 . 8 3  G
ACQ D A T E :2 4 -J U N -9 3  2 0 : 3 1 : 3 4
SRCH LIMITS; 1 . 5 8 0  TO 1 5 7 9 . 4 7 0
KEV /CH 0 . 3 8 5  ZERO 1 . 1 9 5
FWHM(O) 2 . 0 0 0 0  FWHM/KEV 0 . 0 0 0 0
SENS 3 . 0 0 0 0
LT 2 8 8 0 0  CT 2 8 9 1 9
KEV
QUAD 0 . OOOE+OO
NET MASS OF SAMPLE 4 0 0 g
NUCLIDE TRUE APPARENT PEAK B q / k g MASS B q / k g
NAME ENERGY ENERGY AREA UNCORRECTED CORRECTION
FACTOR
CORRECTED
C o - 5 7 1 2 2 . 0 0 - - - -
C e - 1 44 1 3 4 . 0 0 1 3 5 , 4 9 1 9 3 . 0 0 19.  1 1 0 .  OO 0 .  0 0
C e - 1 4 1 1 4 5 . 0 0 - - - - -
1 - 1 3 1 3 6 4 . 0 0 3 6 3 . SB 2 8 .  00 0 .  9 2 0 .  00 0 .  0 0
R u - 1 0 3 4 9 7 . 0 0 - - f- - -
K r - 7 8 5 0 0 . 0 0 - - - - -
C s - 1 3 4 6 0 5 . 0 0 6 0 4 . 7 8 1 7 3 . 0 0 1 0 . 4 8 0 .  0 0 0 . 0 0
R u - 1 0 6 6 2 2 . 0 0 - - - - -
C e - 137 6 6 2 . 0 0 6 6 1 . 62 1 7 4 8 . 0 0 1 0 5 . 3 0 0 .  0 0 0 . 0 0
Z:— 9 5 7 2 4 . 0 0 7 2 5 . 1 3 3 0 , 0 0 3 . 9 5 0 .  0 0 0 .  0 0
Z r - 9 5 7 5 7 . 0 0 - - - - -
N b - 9 5 7 6 6 . 0 0 —* — - - -
C s - 1 3 4 7 9 5 . 0 0 7 9 6 , 0 3 1 3 6 . 0 0 1 0 . 30 0 . 00 0 , 0 0
C o - 5 0 8 1 1 . 0 0 8 1 2 . 9 0 2 4 . 0 0 1 . 5 8 0 .  0 0 0 „ 0 0
Mn-54 8 3 5 . 0 0 - - - - -
Z n - 6 5 1 1 1 6 . 0 0 - - - - -
C o - 6 0 1 1 7 3 . 0 0 — - - - —
C o - 6 0 1 3 3 3 . 0 0 1 3 3 4 . 2 6 1 1 . o o 1 . 3 6 0 .  0 0 0 .  0 0
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A p e n d ix  II
Guideline of Radionuclide limits in Food Contam inated
Guideline levels for radioactive contamination of foods moving in international 
trade were recently adopted in a meeting of the Codex Alimentarions Commission, 
a joint body of the World Health Organization (WHO) and the Food and 
Agricultural Organization (FAO).
The Commission adopted levels of 1 becquerel per kilogram (Bq kg"^) for 
americium and plutonium, 100 Bq kg"l for strontium, and 1000 Bq kg"l for 
caesium and iodine in foods destined for general consumption. For milk and infant 
foods, levels are 1 Bq kg’  ^ for americium and plutonium, 100 Bq kg'i for iodine 
and strontium, and 1000 Bq kg"  ^ for caesium.  ^ The proposed levels are intended to 
apply to artificial radioactive contamination of foodstuffs moving in international 
trade and not to naturally occurring radionuclides which have always been present 
in the diet. WHO representatives assured participants that the proposed levels were 
based on health and safety criteria and had been fixed at a level so as to assure 
acceptability for use in international food trade.
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